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Semiconductor nanowires (NWs) are ideal building blocks for constructing nanophotonic devices due to
their strong interaction with light and ability to tune electromagnetic resonances through geometry. The NW
diameter provides a subwavelength geometry that satisfies the Mie scattering conditions, and the extended
axial dimension allows for lossless waveguiding as well as Fabry-Perot cavity oscillation for truncated
NWs. In addition to the cylindrical geometry, modulation of permittivity along the NW axis is a key control
parameter that gives rise to tailorable nanophotonic properties. Due to the subwavelength nature of NWs,
permittivity modulation can be effectively achieved in single-crystalline nanowires by modulating diameter
instead of altering the material. Diameter-modulated NWs, namely NW geometric superlattices (GSLs),
therefore serve as a structural nanophotonic entity that exhibits unique interactions with light.
Here, we demonstrate synthesis of vertical epitaxial silicon NWs with complex morphologies via dopant-
encoded vapor-liquid-solid (VLS) growth and chemical etching. Addition of a surface-stabilizer at higher
temperature and partial pressure conditions is the key to growing epitaxial NWs that exhibit conformal and
smooth etching both in acidic and basic etch solutions. We study optical properties of horizontally-oriented
single NW GSLs under global plane wave illumination. NW GSLs support a unique coupling between a
Mie resonance and a bound guided state (BGS) at a select wavelength determined by the pitch of the GSL.
We demonstrate tunable, narrow-band guiding of light through Mie-BGS coupling for the first time in the
NW geometry under normally incident light. Using NW GSLs with different geometric parameters, we then
describe the formation of an optical bound state in the continuum (BIC) using numerical calculations and
theoretical modeling. Accidental decoupling from radiation continua gives rise to bound states, to which the
access is controlled by geometric tuning. We experimentally observe the presence of a BIC that manifests as
a disappearance of a characteristic Fano resonance in scattering spectra. The findings shown in this work
demonstrate precise control of light waves in confined NW geometries, which can enable high-quality-factor
(high-Q) optical operations and advanced nanophotonic applications.
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Semiconductors form the basis of modern electronic and information technologies, and their presence
can be found in every part of daily life from portable devices in our pocket to global information networks
surrounding us. The growth of the semiconductor industry occurred as a result of the ability to precisely
tune their electronic materials properties. Crystalline semiconductors have electronic band structures based
on the ordered arrangement of their constituent atoms that creates a bandgap, an energetic region between
the conduction band minimum edge and the valence band maximum edge where electrons are forbidden to
reside. A Fermi level is a chemical potential that describes the potential of the collection of electrons in a
material, and electrical properties of a semiconductor are highly dependent on the position of the Fermi level
relative to the band edges. The Fermi level can be modified through chemical processes such as incorporation
of impurity atoms, formation of vacancies in the crystal lattice, and application of an external bias. Doping
controllably modifies the Fermi level, and precise control of doping is central to the design of microelectronic
devices. For the most common semiconducting material, silicon (Si), electron-rich group V elements such as
phosphorus (P) and arsenic (As) raise the Fermi level as they can donate excess electrons into the conduction
band, whereas electron-deficient group III elements such as boron (B) and aluminum (Al) lower the Fermi
level by accepting electrons and generating holes in the valence band. The doping processes that raise and
lower the Fermi level convert an intrinsic semiconductor into an n-type and p-type, respectively.
Under illumination, semiconductors can absorb photons possessing energy exceeding the energy of their
bandgap. When the light is absorbed, electrons in the valence band are excited to the conduction band and
leave holes behind in the valence band. The photoexcited electron-hole pairs will eventually recombine and
re-emit photons if done through radiative recombination pathways; however, when the electrons and holes are
separated and collected at opposite electrodes, a photocurrent is generated with a photovoltage defined by the
1
potential difference between the two electrodes. This process is fundamental to the operation of photovoltaic
solar cells, and the reverse process is responsible for light-emitting devices such as light-emitting diodes
(LEDs).
Photons with energy lower than the bandgap can travel through the bulk of a semiconductor, and the
behavior of light inside the material is dictated by the dielectric properties of the semiconductor. Many
crystalline semiconductor materials exhibit static relative dielectric constants (εr) substantially higher than
that of air (εr,air = ∼1), including Si (εr,Si = ∼11.6), Ge (εr,Ge = ∼16) and GaAs (εr,GaAs = ∼12.9).1 When
cladded with lower-dielectric materials such as SiO2 (εr,SiO2 = ∼3.9), these materials can guide light waves
with no major loss by total internal reflection through which typical optical fibers transmit information in
optical communications. The rapid growth of microphotonics was made possible by patterning microscale
waveguides on transparent substrates, namely in the silicon-on-insulator (SOI) configuration. In recent years,
the size of device components has been further reduced to the nanoscale for a higher integration density of
microelectronic and microphotonic devices. When the size of device components becomes comparable to the
wavelength of light, however, the behavior of light in the material starts to follow that of waves rather than
rays, which necessitates a fundamentally different understanding of wave interactions with nanoscale objects.
1.1.2 Size-dependent Nanomaterial Properties
When the size of a semiconductor is reduced to the nanometer scale, its properties are no longer dictated
by the bulk properties. Quantum confinement, which widens the bandgap and discretizes the energy levels
as the size of a semiconductor particle decreases, is one of the well-known examples of such an effect.
As a result, quantum confinement drastically alters the light absorbing properties of a semiconductor in
a geometry-dependent manner. Quantum dots (QDs) are nanocrystals smaller than ∼10 nm, and exhibit
very bright luminescence with an emission color tunable throughout the visible2 and near-infrared (NIR)3,4
spectra. In certain occasions, quantum confinement can also induce an indirect-to-direct transition of a
bandgap. For example, despite its dominant position in the semiconductor industry, Si has not been favored
in the light-emitting industry due to its bandgap being indirect. Quantum confinement provides a route
to circumvent this problem, because when the size of Si nanostructure decreases below ∼5 nm, its band
alignment starts to become direct with the bandgap increasing in magnitude.5
Similarly, a constricted size of a nanomaterial gives rise to resonant interactions with light waves. When
the size of a spherical nanoparticle (NP) approaches the wavelength of the visible light (400-700 nm), light
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waves can circulate inside the NP for a finite lifetime and radiates back out into the free space, resulting in
strong scattering phenomena. This behavior is well-explained by Mie scattering theory,6 and optical resonant
scattering of small particles is often called Mie scattering or a Mie resonance. At resonance, due to the
prolonged lifetime of light waves inside the semiconductor nanostructure, the probability of light absorption
increases and therefore the photovoltaic efficiency can be improved. Mie scattering is discussed in detail in
section 1.3.1.1.
1.1.3 Types of Nanomaterials
Nanomaterials are commonly classified by their geometric dimensions. Spherical NPs and QDs are
considered to be zero-dimensional (0D), and 0D NPs exhibit isotropic confinement properties due to the
spherical symmetry. One-dimensional (1D) nanomaterials refer to structures extended in one dimension
and confined in the other two dimensions, as is the case for nanowires (NWs) and nanotubes (NTs). Lastly,
two-dimensional (2D) nanomaterials exhibit an extended, planar structure with an out-of-plane confinement
typically within mono- to few-atomic-layer-thick thicknesses. Unlike 0D NPs, 1D and 2D nanomaterials
exhibit both confined and bulk properties because they have both confined and extended dimensions.
1.2 Semiconductor Nanowires
1.2.1 Nanowire Synthesis
Figure 1.1: VLS growth of Si NWs. (A) Au-Si Eutectic Diagram. (B) Phase of Si atoms during VLS growth
Since first developed by Wagner and Ellis7 at Bell Laboratory in 1964, vapor-liquid-solid (VLS) growth
has been one of the most popular and efficient methods of synthesizing semiconductor NWs. For the Au-Si
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system, the VLS mechanism operates based on a eutectic behavior of a semiconductor and a catalyst material.
Figure 1.1 shows an exemplary eutectic diagram of Au and Si eutectic composition. A Au NP serves as a
catalytic nanoreactor, and when Si is supplied from the vapor-phase precursor (SiH4 or Si2H6) into the Au
NP at an elevated temperature above the eutectic isotherm, the Au NP forms a liquid alloy with Si at a Si
content of around 20 at.%. The NW growth occurs near the liquidus line (red curve in Figure 1) between
the liquid alloy region and the region where liquid alloy and solid Si coexist. At equilibrium, the liquid
alloy is stable with a composition between the liquidus lines at the reaction temperature. Upon continued
supply of Si atoms, the composition departs the liquidus line to the right into the yellow-shaded region,
causing a supersaturation and consequent precipitation of Si in the solid phase. As the reaction continues, a
single-crystalline Si NW is produced at the catalyst-Si interface with a circular cross-section determined by
the spherical shape of the catalyst. The name of the growth mechanism, VLS, thus describes the movement
of Si atoms from the vapor-phase precursor to the liquid alloy catalyst and finally to the solid NW. The VLS
process is not limited to the Au-Si binary system, but can be applied to any catalyst-semiconductor eutectic
systems or self-catalyzed systems with a low melting point constituent. Si NWs have been synthesized using
other metal catalysts8 such as Ag, Al, Zn, and Pd. Other than group IV materials, III-V materials such as
GaAs9 and InP10 as well as layered semiconductors such as PbI2 11 can also be made into the NW geometry
by VLS growth.
1.2.2 Nanowire Superstructures
For many technological applications, it is important to form heterostructures, modulate compositions,
or spatially localize defect regions in semiconductor NWs at the desired position and length scales.12,13
Development of synthetic techniques has allowed NWs to diversify their geometries and compositional
profiles from a simple, uniform cylindrical shape. For example, sequential deposition of intrinsic and n-type
shells through vapor-solid deposition over a p-type Si NW core produces coaxial p-i-n Si NWs that can
harvest solar energy.14,15 For III-V NWs, their electronic properties are highly sensitive to the local variation
of the ratio of group III or V elements such as in GaN/InGaN,16 or in GaAs/AlGaAs/InGaAs17 systems.
Using this effect, when multiple shells with different combinations of group III elements are grown in a
single-nanometer length scale, quantum-confined multi quantum well (MQW) NWs exhibit tunable lasing
action in the visible16 and NIR17 wavelength regime.
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Axial NW heterostructures can be synthesized by in-situ control of the growth environment during
NW growth. Abrupt switching of the vapor-phase precursor materials is the most common way of creating
chemical heterostructures. This method can entirely change the semiconductor material when the precursor
material is abruptly altered, as demonstrated in Si-Ge heterojunctions with few-atomic-layer-thick transition
widths formed by completely replacing a Si precursor with a Ge precursor (GeH4 or Ge2H6).18,19 For binary
or ternary III-V NWs, an atomically sharp transition can be achieved if the precursor for either group III or V
element is only altered with the rest unchanged. The transition junction between InAs and GaAs made by this
method therefore is just one atomic layer of As shared by the two materials.20 Moreover, precise control of the
switching frequency can produce MQW structures in the axial geometry. Rapid modulation of a Sb precursor
flux during the VLS growth of GaAs NW produced GaAs/GaAsSb NW MQW superlattices (SLs), which
showed tunable lasing properties.21 It is also possible to modulate the concentration of dopant impurities
while preserving the main semiconductor material. Modulating dopant precursors, PH3 for n-type22 and
B2H6 for p-type23 doping, during Si NW growth produces single-crystalline NWs with an alternating doping
profile.
Besides chemical compositions, crystal phases of NWs can also be tuned by introducing impurities in
III-V NWs. InP, which typically exhibits a wurtzite (WZ) crystal structure, can crystallize into zinc-blende
(ZB) crystal phase upon introduction of zinc impurities. Therefore, modulation of a diethylzinc flow during
the InP NW growth produces NW twinning SLs in which WZ and ZB crystal phases alternate.24 Similar
types of NW twinning SLs are demonstrated with other III-V materials such as GaP25 and GaAs.26
Diameter modulation is an important tool for controlling optical properties of NWs because optical
scattering and waveguide properties of NWs are highly sensitive to the diameter. Modulation of NW
diameter has been demonstrated by a variety of means. Musin et al.27,28 created Ge NWs with a tear-drop
morphology by passivating the sidewall of NWs with tetramethyltin (TMT)27 or trimethylsilane (TMSH)28
during the growth and thus controlling the rate of vapor-solid deposition of Ge on the sidewall. A much finer
geometric resolution in diameter modulation has been demonstrated in Si NWs utilizing the dopant-dependent
etch rate of Si. Through their process named ENGRAVE (Encoded Nanowire Growth and Appearance
through VLS and Etching), Christesen et al.22 grew Si NWs encoded with pre-designed dopant profiles
and realized NW geometric superlattices (GSLs) with sub-10 nm structural resolution through post-growth
wet-chemical etching. Since the etch rate of Si monotonically increases and decreases with doping level in
acidic and basic etch solution,29 respectively, any arbitrary morphology with axial rotational symmetry could
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be realized. Continued effort on optimizing the process for epitaxial NWs will be presented in Chapter 3.
NW heterostructures with a periodic three-dimensional morphology have also been demonstrated via Plateau-
Rayleigh crystal growth. Day et al.30 deposited a Si shell over a Ge NW core with select growth parameters




1.3.1.1 Mie Scattering of Nanowires
Semiconductor NWs are an ideal building block for advanced nanophotonic applications as they interact
strongly with light through electromagnetic resonances that are also referred to as optical states or modes.31
Scattering of NWs is well described by Mie scattering theory,6 and scattering efficiencies (Qsca) under
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where k is a wavevector, r is a NW radius, am and bm are mth-order electric and magnetic Mie scattering
coefficients, and subscripts I and II represent TM and TE polarizations, respectively. From these equations,








Because NWs can attract light waves from a free-space area larger than their projected area, NWs
frequently exhibit a scattering cross-section (σsca) much larger than the physical cross-section (σphys). This
effect is known as an antenna effect and gives rise to Qsca(=σsca/σphys) that can be larger than ten.32
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Figure 1.2: Mie resonances of a 200 nm diameter NW. (A-B) Magnetic field patterns of lowest TE Mie
resonances in a 200 nm diameter NW calculated by eigenmode calculation (A) and scattering calculation
under plane wave illumination (B). White circles represent the NW/air interface. (C) Qsca of a 200 nm
diameter NW. Peak labels are used to assign modes in panel (B).
Mie scattering occurs in a number of different fashion depending on the angular number m, and these
scattering modes are often referred to as Mie resonances. Under normally-incident TE-polarized illumination,
the nomenclature for Mie resonances typically takes the form of TEml (or TMml for TM polarization), where
m refers to the half-number of maxima of the longitudinally-oriented field (magnetic for TE; electric for
TM) along the azimuthal direction and l is the number of field maxima counted in the radial direction from
the center of the NW. Figure 1.2A shows examples of eigenstates of three lowest-order TE-polarized Mie
resonances. Figure 1.2B and C show field patterns of Mie resonances excited under a plane wave and a
corresponding Qsca spectrum, respectively. The symmetry of each mode is slightly deformed due to the
directional excitation, but they show that modes can be identified by the same naming criteria. Naming
applies to TM-polarized cases in the same way with electric and magnetic components replaced with each
other.
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1.3.1.2 Applications of Scattering-Based Properties
The precise synthetic control of NW diameter has allowed experimental validation of tunable scattering
characteristics.33,34 Diameter dependence of scattering enables a NW to exhibit a rainbow spectrum when
a proper diameter profile is encoded,35 and it can be used to turn NWs into individual pixels for structural
color printing when fabricated in a macroscopic arrays.36 The length of a NW serves as another geometric
parameter for scattering of low-aspect-ratio NWs or nanorods (NRs). The Mie resonance of NRs rapidly
shifts with length for small aspect ratios below ∼10, but it gradually asymptotes as the aspect ratio becomes
larger.37 Scattering properties of NWs can also be tuned by external environmental controls. For example,
the resonant color of a NW shifts with a change in the refractive index of its surrounding medium, and the
presence of a reflective substrate in a close proximity can affect the Mie resonance.38 When placed below a
NW, a metasurface mirror can control Mie resonance by shifting a local reflection phase.39 Optical coupling
between two NWs also causes a change of scattering properties, for which the inter-NW spacing plays an
important role.40
Optical confinement in a NW can be drastically suppressed or enhanced by the presence of metallic
shells. The former case has been studied in the context of making NWs invisible at select wavelengths. When
a Si NW is coated with Au shell, for example, the scattering efficiency drops nearly two orders of magnitude
under TM-polarized incidence. The suppression of scattering occurs at a wavelength where the electric
response in the Si core and the Au shell are directed in the opposite direction and therefore cancelled.41 The
same principle turns a Ag-coated ZnO NW into a color filter when configured in a transmissive geometry.42
When a NW core is removed after being coated with a shell of alternating TiO2 and Ag, the hollow NT
becomes completely invisible under even unpolarized light because the effective permittivity becomes near
zero for both TE and TM polarizations.43
On the other hand, interfacing a semiconductor NW with a noble metal often creates a plasmonic
nanocavity that exhibits enhanced optical interactions. When a thin shell of Ag covers a CdS NW, a
whispering-gallery plasmon cavity forms at the interface and enhances the radiative decay rate by over three
orders of magnitudes.44 For silicon, a notoriously inefficient indirect bandgap material for light emission, the
plasmon cavity formed with a Ag shell allows for much enhanced light emission with an internal quantum
efficiency >1%.45 Plasmonic cavity-enhanced light emission has also been studied in the electroluminescent
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configuration. When charge carriers are injected into a p-n junction of a Si NW coated with a Ag shell, the
Purcell enhancement of up to 500% can be observed.46
1.3.2 Waveguide-Based Properties
1.3.2.1 Dispersion Relation of Nanowires
NWs can guide light waves along their axial dimension, and an angular quantum number (m) and



































where kc and k are the transverse wavevectors inside and outside the cylinder, β and k0 are the axial
wavevectors inside and outside the cylinder, r is the radius of the cylinder, n and n0 are the refractive indices
of the cylinder and the surrounding medium, and Jm and Hm are the mth-order Bessel and Hankel functions
of the first kind, respectively. For normal incidence where β is zero, Eq. 1.4 can be decoupled into purely TM
and TE modes by setting the first and second term on the right-hand side at zero, respectively. The solutions
of these static (β = 0) states agree with Mie resonances under normal illumination described in chapter
1.3.1.1. For propagating guided modes with non-zero β, modes with m higher than zero are hybrid-polarized
electromagnetic (EM) modes, and the nomenclature follows EHml or HEml. An EH mode is more TE-like
with a magnetic component partially oriented axially, and an HE mode is more TM-like with an electric
field partially oriented axially. Careful comparison between theories (Eqs. 1.1 through 1.4) and full-wave
simulations has revealed the relationship and transition between leaky Mie resonances and hybrid guided
modes as a function of wavevector.48,49
1.3.2.2 Applications of Waveguide-Based Properties
Guided modes of NWs have been actively investigated in a variety of settings. Single-crystalline NWs
with clean surfaces can guide light without a major scattering loss,50 and guiding though a mild curvature
with a radius of curvature larger than 2 µm still shows a minimal loss.51 When the end facets are sufficiently
reflective, guided modes can oscillate between the ends, which turns a NW into a Fabry-Perot (FP) cavity.
9
The FP oscillation in a NW manifests as regularly spaced sharp peaks over a broad envelop in scattering or
emission spectra with a free spectral range determined by the length of the cavity.52
NWs made with high-gain media such as III-V materials can exhibit lasing based on the FP oscillation.
GaAs NWs with GaAsSb quantum wells placed along the NW axis showed tunable lasing by controlling the
atomic percentage of Sb in the quantum wells.21 Recently, organic-inorganic hybrid perovskite materials
have gained a high popularity because of the superior optoelectronic properties and the ease of preparation.
Perovskite NWs have been synthesized by a variety of methods in the solution53–55 and vapor phase,56,57
and they exhibit low-threshold lasing with the peak wavelength tunable through control of the halide
composition.54–56
Because the light waves propagating through a NW may carry optical information, there is a great
potential for NWs to perform more complex functions such as all-optical data processing. A set of two NWs
in a branched geometry can act as a basic logic element through the interference between guided beams in
each NW branch,58 which when configured in a four-terminal network can form a cascaded NOR gate.59
Similarly, when two NWs are placed in series with a small gap about 5 nm, the emission from one NW can
be injected to the other NW through the gap and be delivered to the other far end as a signal. The signal
transmission can be significantly reduced by illuminating the second NW with a laser beam because of
increased scattering of exciton-polaritons, and removing the laser beam restores the signal transmission,
creating an optical switch.60 All-optical NAND gate operation is achieved by integrating multiple of such
NW optical switches.
1.3.3 NW photonic crystals and metamaterials
As described in chapter 1.2.2, diameter modulation in NWs has attracted attention because of the size
dependence of optical properties. In particular, When a NW has a periodically alternating permittivity (or
refractive index) along the axis, the modulated NW behaves like a photonic crystal (PC) with one-dimensional
periodicity and lateral confinement. Permittivity is generally a materials property and therefore a permittivity
modulation requires an alteration of materials. The simplest example includes an array of holes in PC slabs,
where the slab material and air provides two permittivity domains. Modulation of permittivity in NWs can
be achieved by a variety of means, and due to the sub-wavelength nature of NWs, only a small change in
diameter can bring a sufficient shift of effective permittivity, eliminates the need of actually changing the
material in a NW. For example, Fu et al.61 demonstrated a distributed Bragg reflector in a GaN NW by
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removing short NW sections with a regular spacing via focused ion-beam (FIB) milling. A stopband with an
8 nm width is experimentally observed at ∼450 nm from a NW grating 143 nm in pitch, and the spectral
position of the stopband redshifted with an increasing pitch.
Similarly but quite distinctively, periodic diameter modulation also converts a NW into a one-dimensional
metamaterial. While PCs and metamaterials seemingly share many similarities, the origins and characteristics
of the effects are quite different. In the aspect of sizes, PCs have periodicity comparable to the wavelength
of light whereas metamaterials operate either in a much smaller or larger size scale.62 In addition, the
fundamental physics that makes PCs attractive is the photonic bandgap, which can reject or confine specific
wavelengths upon proper design. Meanwhile, metamaterials exhibit unique coupling effects between optical
modes by breaking the symmetry of the system, enabling detection of otherwise dark or forbidden modes.
Chapter 4 will discuss work to turn a NW GSL into a one-dimensional metamaterial by breaking an infinite
translational symmetry with a periodic diameter modulation.
There is still a continuing effort for creating NW-based high-quality-factor (high-Q) cavities from both PC
and metamaterial perspectives. Theoretical studies have reported the design principles for a plasmon-coupled
NW PC cavity63 and bound states in the continuum in the NW geometry.64 Although predicted Q-factors of
NW cavities are yet too low compared to lithographically-prepared nanobeams,65,66 NWs hold a promise
for high-Q cavities and for advanced nanophotonic applications due to their ability to possess much more
complex chemical and structural symmetries than what is possible by lithographic methods. The works herein





Si NWs were grown in a home-built, hot-wall chemical vapor deposition system with silane (SiH4;
Voltaix), phosphine (PH3; diluted to 1000 ppm in H2, Voltaix), diborane (B2H6; 1000 ppm in H2, Voltaix),
hydrogen chloride (HCl anhydrous; Matheson TriGas; 5 N research purity grade), hydrogen (H2; Matheson
TriGas; 5 N semiconductor grade) in a 1-inch quartz-tube furnace (Lindberg Blue M). A vacuum system with
a base pressure of ∼ 3× 10−3 torr was established by a dry screw pump (SDE120TX-45; Kashiyama), and
the total reaction pressure was controlled by a 148J needle valve (MKS Instrument) for above 20 torr or by
an automated butterfly valve (253B-1-40-1; MKS Instrument) for below 20 torr. Au NPs (Ted-Pella, 150-200
nm; or Sigma-Aldrich, 250-400 nm) of various diameters were used as NW growth catalysts.
2.1.1 Non-epitaxial NW Growth
A 380 µm-thick Si (100) wafer with 600 nm thermal oxide (University Wafer) was used as growth
substrate for non-epitaxial NW growths. The wafer was cut into a size of ∼ 2 cm × 1 cm, sonicated in
acetone, rinsed sequentially with acetone and isopropyl alcohol (IPA), and dried with nitrogen. These
substrates were placed in a UV/O3 cleaner (Samco UV-1) and treated at 150 °C for 5 minutes. The surface of
the substrates were functionalized with poly-L-lysine (Sigma-Aldrich, 0.1% w/v in water, further diluted
66.7%) for 5 minutes, rinsed with nanopure water (Barnstead Nanopure; 10MΩ ·cm) and dried with nitrogen.
The substrates were then covered by Au NPs (diluted 33.3% in water) for 5 minutes, rinsed with IPA, dried
with nitrogen, and treated by UV/O3 for 5 minutes.
All NWs were nucleated at 480 °C with 2.00 standard cubic centimeter per minute (sccm) of SiH4, 4.00
sccm of HCl, and 194.0 sccm of H2 at 40 Torr total reactor pressure for 30 min, which yields an average
growth rate of 600 nm/min. After nucleation, a long section of n-type Si was grown for a desired length
after nucleation by turning on the PH3 flow at a fixed flow-rate ratio of 1:10 SiH4:PH3, and the same gas
phase ratio was used throughout the study. Doping modulation for GSL profiles was performed by abruptly
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turning on and off the PH3 flow at a constant time interval, followed by growing a long section of n-type
again until growth termination. For doping-inverted n-type GSLs, the PH3 flow profile was inverted, and the
final intrinsic NW sections were grown for desired WG lengths. For p-type doping, the flow rate of B2H6
was stepwisely increased to the desired value achieving a flow-rate ratio of 1:7.5 SiH4:B2H6 for the initial
introduction of B2H6, and was abruptly modulated afterwards.
2.1.2 Epitaxial NW Growth
p-type Si (111) wafers (Nova Electronic Materials; B-doped; 1-10 Ω·cm) were cut into the same size
described above, sonicated in acetone, IPA, and water and treated in a UV/O3 cleaner at 150 °C for 5 minutes.
Substrates were briefly immersed in buffered hydrofluoric acid (BHF, Transene BHF Improved) for native
oxide removal, and Au NP deposition was performed in a solution containing 5 parts of prediluted Au NP
solution (5% in water) and 1 part of BHF for 5 minutes. Au-functionalized substrates were then treated by
UV/O3 and BHF for removal of residual organics and native oxide, respectively.
NWs were nucleated at 480 °C with 2 standard cubic centimeter per minute (sccm) of SiH4, 4 sccm of
HCl, and 196 sccm of H2 (96 sccm H2 only for NWs in Figure 3.1C,D) at 2 Torr total reactor pressure for
60 min. For 200 mTorr growths, after the nucleation step, the reactor pressure was ramped to 20 Torr by 1
Torr every 12 s with 20 sccm of PH3. For NWs used for quantification of Au, the SiH4 partial pressure was
modulated at a constant total reactor pressure by abruptly changing the SiH4 flow rate with HCl flow rate
adjusted proportionally. The only exception is the 20-to-200 mTorr transition in Figures 2 and 3 where the
SiH4 partial pressure was raised briefly from 20 to 100 mTorr for 12 s and then to 200 mTorr. All n-type
doping was performed at a fixed ratio of 1:10 SiH4/PH3 flow rates, and doping modulation was performed by
abruptly turning on and off the PH3 flow. The flow rate of H2 was adjusted for all changes to keep the total
flow rate of all gases unchanged.
2.2 NW Etching
Si NW etching was performed either in aqueous KOH solution (diluted 20 wt.%) or in buffered hydroflu-
oric acid (BHF, Transene BHF Improved, diluted 2 vol.%) for intrinsic and n-type Si etching, respectively.
For intrinsic Si etching, a growth substrate with epitaxial NWs was immersed in a 2% BHF solution by
volume for 30 s to remove native oxide on the NWs and rinsed in water. The substrate was then immersed in
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KOH solution (20 wt% in water with IPA capping layer) at room temperature for the desired length of time.
After quenching in dilute glacial acetic acid (2 vol% in water), the substrate was rinsed in IPA and blown dry
with nitrogen. For n-type Si etching, a substrate was immersed in 2 vol% of BHF with a hexane capping
layer for 1-2 min, dried with nitrogen, and treated with UV/O3 at 150 °C for 100 s. This immersion-oxidation
process was iterated for a variable number of cycles. For Au removal, NWs were immersed in BHF for 15 s,
rinsed in water for 10 s, and blown with nitrogen. The NWs were then immediately immersed in a solution of
KI/I2/H2O (4:1:20 by weight) for 1 min followed by two 30 s water rinses, a 10 s IPA rinse, and blow-dry.
We found that a brief BHF etch was needed prior to the Au etch, presumably to remove an ultrathin silicon
oxide layer that can form on the surface of Au nanoparticles.
2.3 Single-NW Spectroscopy
2.3.1 Laser Microscope Design
Figure 2.1: Laser microscope for polarization-resolved bright-field extinction measurements.
A broadband laser from a supercontinuum source was directed into a monochromator to output a single
wavelength with <2 nm bandwidth. The laser was collimated into a beam size of 1 mm, polarized by
a Glan-Thompson polarizer and split evenly into a reference and probe arms for balanced detection by
Nirvana balanced photoreceivers. The polarization axis was always placed parallel to the table due to
the uneven splitting ratio of the p- and s-polarized light for the beam splitter. If the polarization axis is
placed perpendicular to the table the intensity of the probe arm drops substantially, which is detrimental to
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measurements. After the beam splitter, the reference beam was directly fiber-coupled to the photoreceiver,
and the probe beam was directed to one side of the back aperture of a reflective objective to deeply under-fill
the aperture and achieve quasi-plane wave illumination with a low numerical aperture (see Figure 2.1). The
transmitted probe beam was re-collimated by a matched objective and fiber-coupled to the photoreceiver.
The linear output and loop bandwidth settings on the photoreceiver were set to AutoBal and 100,
respectively. The SIG output reads the raw intensity of the probe beam and is used to monitor the quality of
fiber coupling. LINEAR shows the autobalanced output and thus should stay at zero (or at the noise level)
provided the autobalaning works correctly. LOG is a measure of the intensity ratio between the reference and
probe beams reaching the detector (see user’s manual for detailed equations), and must be tuned between
-2 and 2 to obtain a good autobalancing performance. During operation, the custom program measures
the LOG output at every wavelength and alerts when it goes out of the range. In case of alert, a reflective
neutral-density filter wheel located in the reference beam path needs to be adjusted to bring the LOG back in
the range. All three outputs were interfaced with a high-resolution data acquisition system (NI-9239, ±10 V
readout, 24-bit; National Instruments).
Optical imaging was performed by a visible-short wave infrared (Vis-SWIR) camera with a halogen
lamp illuminating in a dark-field configuration for locating samples or with a laser beam for collection of
guided spectra. More details of each optic used in the microscope are summarized in Table 2.1.
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Table 2.1: List of optics used for the laser microscope
Label Description / Note Manufacturer
SC Laser SuperK EXTREME EXB-6 NKT Photonics
Mono Acton 2300i Princeton Intruments
Visible-SWIR Camera Ninox 640 VIS-SWIR Raptor Photonics
Auto-Balanced PD Nirvana 2007 (400-1070 nm), 2017 (800-1700 nm) Newport
Piezo-Stage Nano-LP200; 3-zxis positioner Mad City Labs
Reflective Obj. LMM-40-P01, 0.5 NA, Infinity-corrected Thorlabs
FC RC08FC-P01; Reflective, Protected silver Thorlabs
BS BSW16; 50/50 beam splitter, Ø2”, 400-700 nm Thorlabs
Pol GTH10M; Glan-Thomson polarizer Thorlabs
L1 AC254-100-A-ML; Achromatic doublet, Ø1” Thorlabs
L2 AC508-075-A; Achromatic doublet, Ø2” Thorlabs
2.3.2 Extinction and Waveguide Emission Measurement
NWs and NW GSLs were transferred onto standard glass microscopy slides (Fisher Scientific) coated
with ∼3 nm of indium ti oxide (ITO) by physical vapor deposition (Kurt Lesker PVD 75) to facilitate
SEM imaging performed afterwards. The sample of interest was first located and focused by moving a
micrometer-driven manual translational sample stage and an objective lens stage. For polarization-resolved
measurements, the position of the laser beam on the back aperture of the objective and the orientation of the
NW on the substrate should change for each polarization because the polarization axis of the probe beam
entering the objective is always fixed in one direction. For TM measurements, the NW needs to be placed
along the operator’s view angle and the beam should be directed through the right side of the back-aperture
(see Figure 2.2A). For TE, the NW needs to be oriented horizontally with respect to the operator and the
beam should be directed through the side nearest to the operator (see Figure 2.2B).
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Figure 2.2: Laser illumination geometries for (A) TM- and (B) TE-polarized measurements. Black arrows
represent the operators view angle.
The optical power was collected with the probe beam placed on and off the NW by modulating the
substrate position using a piezo-positioner, and the NW must have a clean blank area around it to ensure a
collection of a clean background spectrum. For doing this, the laser beam was scanned over the NW in the
direction perpendicular to the NW axis using the piezo-stage with a step size of 0.2 µm while monitoring the
SIG output from the detector, and the on-wire position was recorded from the point of the lowest intensity. In
this step, a proper wavelength of the laser beam must be chosen to get enough signal modulation by scattering.
Afterwards, the beam was moved to a clean blank area and the off-wire position was recorded. Extinction
(%) was calculated as (1 - T) × 100 with T = I / I0, where I and I0 are transmitted powers collected with the
beam on and off the NW, respectively. This position-modulated extinction measurement was repeated twice
and averaged at every wavelength, and scanned over the desired spectral range. As described above, when
the LOG value went outside the ± 2 range for the next wavelength, the filter wheel was adjusted to correct
the LOG value and the measurement continued. The lowest measurable extinction was ∼ 10−3 (OD) with a
single Au NR (Figure 2.3).
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Figure 2.3: Extinction of single Au NR. (A) Scanning electron micrograph of a single Au NR; scale bar, 100
nm. (B) Polarization-resolved and unpolarized extinction spectra of a Au NR shown in panel (A).
The guiding spectra were collected by taking optical images at every wavelength and integrating the
signal within the NW tip region. For optical switch experiments, sequential layers of PMMA (MicroChem
950PMMA.A4) were spun cast (Laurell WS-650MZ-23NPP) at 4000 rpm and baked at 150 °C.
2.4 Electron Microscopy Analysis
NWs were transferred to lacey-carbon TEM grids (Ted-Pella no. 01895) for STEM analysis by drop-
casting NWs dispersed in IPA. STEM imaging was performed on a Tecnai Osiris operating at 200 kV with a
subnanometer probe with a current of 2 nA (spot size 3, 4k extraction voltage). The Osiris is equipped with a
Super-X EDS system, which consists of four solid-state detectors built into the objective lens. The maximum
peak counts summed from the four detectors were on the order of 45 kcps. Collection times for each map
were 13 min. Drift-corrected STEM EDS maps were obtained using Bruker Esprit software. Each EDS line
scan profile of P and Au was fit to a previously reported fit function67 consisting of an error function coupled
with a Gaussian-convoluted exponential to extract transition widths. SEM imaging was performed with an
FEI Helios 600 Nanolab Dual Beam System, and geometrical parameters of each GSL were determined using
our home-written image analysis software.68
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2.5 Numerical Modeling
Finite-element optical simulations were performed using COMSOL Multiphysics software by running
scattered-field calculations with a TM- or TE-polarized plane wave or a Gaussian beam with a 1.5 µm
FWHM defined over three-dimensional NW GSL structures. For plane wave simulations, a periodic boundary
condition was applied in the axial direction at each side of a GSL repeating unit, and domains to the side of
the NW GSL were surrounded by air and perfectly matched layers (PMLs). For simulations with a focused
Gaussian beam, the beam is placed in the middle of the GSL section and NW waveguide segments on each
side of the GSL were placed in PMLs. Qsca and Qguided were calculated by integrating Poynting vectors across
the outer surface of a NW in all directions and across a cross-sectional area at the end of a NW waveguide,
respectively, and dividing by the optical power incident on the projected area of the GSL. Propagation to both
right and left directions was taken into account for calculating Qguided, and absorption efficiency was added to
Qsca to calculate extinction efficiency, Qext.
For eigenvalue calculations, one period of a GSL was longitudinally sliced in half by a perfect electric
conductor plane and placed between periodic boundaries in the axial direction. The air region surrounding the
GSL was terminated by a scattering boundary. Complex eigenfrequencies were calculated for various values
of d, e and p with a zero value for the axial wavevector traveling through the periodic boundary condition.
The same calculation was performed with scanning the axial wavevector to obtain the band structure and
angle-dependent Q-factors.
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DESIGNING MORPHOLOGY IN EPITAXIAL SILICON NANOWIRES: THE ROLE OF
GOLD, SURFACE CHEMISTRY AND PHOSPHORUS DOPING
3.1 Introduction
Semiconductor nanowires (NWs) grown by the vapor-liquid-solid (VLS) mechanism have emerged
as promising building blocks in many technological areas,69,70 and the bottom-up design of NWs with
well-defined morphology has been recognized as an important route to impart functionality to NWs.29
Various methods have been developed to realize morphology-controlled NWs, including spatially selective
wet-chemical etching,22,71 periodic radial deposition,28 or Plateau-Rayleigh crystal growth,30 and a range of
applications have begun to be explored. For instance, NWs with a constriction have been demonstrated as a
resistive memory element,22 NWs encoded with a periodic grating by focused ion-beam lithography exhibit
optical filtering capability,61,72 and strong confinement of light is predicted in NW gratings with a defect
cavity.63 In addition, spicule-like NWs show a large mechanical hysteresis in insertion/regression from soft
materials and could be relevant as biological probes.71
Previously, we demonstrated a process termed ENGRAVE (Encoded Nanowire GRowth and Appearance
through VLS and Etching) to encode precise sub-10 nm morphology in VLSgrown silicon (Si) NWs.22
The ENGRAVE process combines precise phosphorus (P) doping of Si NWs with dopant-dependent wet-
chemical etching in aqueous potassium hydroxide (KOH) or buffered hydrofluoric acid (BHF) solution.29
In prior studies, NWs were typically observed to grow in the 〈112〉 direction using nonepitaxial silicon
oxide substrates. Here, we extend the ENGRAVE process to epitaxial Si NW growth on (111) Si substrates.
Epitaxial growth is widely used in the growth of both group III-V and group IV NWs and is advantageous
for the design of high-performance NW-based devices. For instance, vertical NW arrays exhibit beneficial
1 Portions of this chapter reproduced with permission from Kim, S.; Hill, D. J.; Pinion, C. W.; Christesen, J. D.; McBride, J. R.;
Cahoon, J. F. Designing Morphology in Epitaxial Silicon Nanowires: The Role of Gold, Surface Chemistry, and Phosphorus Doping.
ACS Nano 2017, 11 (5), pp 4453-4462. Copyright 2017 American Chemical Society.
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light trapping properties73–75 and have been used in the design of solar cells76–78 and photoelectrochemical
cells79 using either axial or radial p-n junctions.80 In biological areas, epitaxial NW arrays have shown their
potential for serving as cell transfection platforms81,82 and cellular mechanics probes.83 In addition, precisely
positioned single vertical NWs are good candidates for single-photon emitters84 or for optical couplers85 in
photonic interconnects.
The mechanism of epitaxial growth of 〈111〉 Si NWs with gold (Au) catalysts has been widely studied.
When silicon hydrides such as silane (SiH4) or disilane (Si2H6) are used during chemical vapor deposition
(CVD) growth on (111) substrates, it has been observed that epitaxial growth is stable only if Au decorates
and passivates the sidewall of the NW.86,87 If Au passivation of the surface is disrupted, kinking of NW
growth into the more thermodynamically stable 〈112〉 direction is observed for NWs larger than ∼10–20
nm. Disruption of Au passivation and kinking has been induced by several methods, including an increase in
Si2H6 partial pressure,86,88 a modulation of the total reactor pressure during VLS growth,89,90 or coercive
hydrogenation of Si surface with hydrogen radicals.91 Several potential mechanisms for Au decoration from
the liquid VLS catalyst have been postulated, and one or several mechanisms may be relevant depending on
growth conditions. These mechanisms include (i) diffusion of AuSi from the catalyst after completion of
VLS growth,92 (ii) wetting of the NW sidewalls with a thin AuSi eutectic liquid during or after growth,88 or
(iii) deposition of liquid AuSi particles as the liquidsolid contact line moves forward.87 In all cases, the liquid
AuSi droplets would phase separate into solid Au and Si upon cooling below the eutectic temperature at the
end of the growth process, forming few-nanometer Au particles. Mechanisms i and ii can explain cases where
a high Au density is found near the catalyst but not elsewhere on the NW. Mechanism ii can also explain a
continuous distribution of Au along the NW if growth conditions allow the liquid AuSi to spread along the
entire length of the NW during growth. Mechanism iii can explain a varying and nonuniform distribution of
Au along the NW surface, such as observed ring patterns,87 if the deposited AuSi is immobile on the NW
surface.
Unlike NW growth with Si hydrides, growth with silicon tetrachloride (SiCl4) does not require Au
passivation, and high yields of epitaxial and uniform Si NWs have been achieved.93,94 The absence of Au has
been attributed to chlorination of the NW sidewalls, providing surface passivation and a diffusional barrier to
Au.95 Surface chlorination also suppresses SiCl4 pyrolysis on NW sidewalls and produces uniform NWs
without tapering. The introduction of HCl with silicon hydrides (e.g., SiH4, Si2H6) is an alternate route to
gain these advantages at the lower temperatures used to decompose the hydride precursors,96,97 and epitaxial
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〈111〉 NWs that are apparently Au- and taper-free have been produced with SiH4/HCl growth systems.95,98,99
These growth conditions are found to be equally effective for n-type and p-type NWs doped using phosphine
(PH3) and diborane (B2H6) gases, respectively.99
Here, we report the synthesis of epitaxial Si NWs encoded with ENGRAVE morphology using SiH4,
HCl, and H2 for NW growth at 480 °C and using PH3 as the phosphorus (P) dopant precursor. Unlike
prior reports on epitaxial NWs, we evaluate both the abruptness of dopant transitions and the efficiency of
dopant-dependent wet-chemical etching in KOH and BHF solutions. The results highlight several mechanistic
aspects of VLS growth that must be carefully controlled to enable the ENGRAVE process. First, we find that
high SiH4 partial pressures (>100 mTorr) and high NW growth rates (>150 nm/ min) are needed to avoid
Au deposition on the sidewalls that inhibits wet-chemical etching in KOH solution. Second, we find that HCl
is needed both to stabilize growth in the 〈111〉 direction at high growth rates and to avoid overcoating on the
NW sidewall, which inhibits wet-chemical etching. Using the optimized growth conditions, we demonstrate
a variety of complex morphologies in vertical NWs, a result that is expected to inspire the design of complex
three-dimensional devices for electronic, photonic, and energy applications.
3.2 Results
3.2.1 Epitaxial Growth with HCl
Epitaxial Si NWs were nucleated in a home-built hot-wall chemical vapor deposition (CVD) system at
480 °C on (111) Si substrates with a SiH4 partial pressure of 20–40 mTorr. After nucleation, the SiH4 partial
pressure was either constant or changed in a stepwise fashion. During any partial pressure change, the ratio
of HCl and SiH4 flow rates was maintained at a constant value of 2.0, and this ratio was used throughout the
study except where noted otherwise. Under these conditions, a high yield of epitaxial and vertical NWs is
achieved, as illustrated by the scanning electron microscopy (SEM) image in Figure 3.1A. Lattice-resolved
transmission electron microscopy (TEM) imaging shown in Figure 3.1B confirms that the NWs grow in the
〈111〉 crystallographic direction.
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Figure 3.1: Growth of epitaxial 〈111〉 Si NWs. (A) Tilt-view SEM image of an array of vertical and epitaxial
NWs grown on a (111) Si substrate; scale bar, 5 µm. (B) Lattice-resolved HRTEM image confirming the 〈111〉
growth direction of the epitaxial NWs; scale bar, 10 nm. Inset: fast-Fourier transform of the image showing
diffraction spots consistent with the expected {111} lattice spacing of 0.314 nm. (C–F) Characteristic SEM
images of epitaxial NW growth at 480 °C with varying SiH4 partial pressures and with or without HCl, as
noted in each image. Arrows denote NW segments grown under distinct conditions; scale bars, 1 µm.
Panels C–F in Figure 3.1 compare epitaxial growth with and without HCl at 40 and 200 mTorr SiH4
partial pressures. In the presence of HCl, NWs grow free of kinking and radial overgrowth at both partial
pressures (Figure 3.1C,E), which is consistent with prior literature reports.95,98,99 For a NW grown at 40
mTorr in which HCl was turned off midgrowth (Figure 3.1D), faceting of the NW as a result of radial
overcoating (which occurs only during the growth segment without HCl) is observed, but the NW retains a
linear and vertical orientation. In contrast, a NW grown at 200 mTorr, in which HCl was turned off midgrowth,
shows dramatic instability, as indicated by the wormlike growth on the upper half of the NW (Figure 3.1F).
This instability is consistent with previously observed unstable growth during a change in growth direction
from 〈111〉 to 〈112〉.86
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3.2.2 P Dopant Transitions
To study dopant transitions in the epitaxial NWs, a series of n-type/intrinsic/n-type (n–i–n) sequences
was encoded in NWs at six different SiH4 partial pressures ranging from 20 mTorr to 200 mTorr. For
n-type sections, the PH3 partial pressure was maintained at a ratio of 100:1 SiH4 to PH3 for all studies,
corresponding to an encoded doping level of 5 × 1020 cm−3. Growth durations for each partial pressure were
adjusted to yield consistent segment lengths, assuming a linear scaling of growth rate with partial pressure.
An elemental map of P and Si in the NW, collected by energy dispersive X-ray spectroscopy (EDS) in a
scanning transmission electron microscope (STEM), is shown in Figure 3.2A. As is apparent from the image,
each n–i–n sequence is easily resolved in the NW. Using the intrinsic segment lengths derived from the EDS
map, a linear relationship of growth rate with partial pressure is verified, as shown in Figure 3.2B. EDS
quantification of the P concentration in the segments indicates that the chemical doping level varies from 5.0
× 1020 cm−3 to 4.4 × 1020 cm−3 from 20 to 200 mTorr, respectively.
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Figure 3.2: Abrupt P dopant modulation in epitaxial 〈111〉 Si NWs. (A) STEM EDS elemental map of a
Si NW grown with six sequential n–i–n sequences, as denoted by the labels, at SiH4 partial pressures of
150, 100, 70, 40, 20, and 200 mTorr. Si, P, and Au are depicted in red, green, and blue, respectively, and
yellow regions correspond to overlapping Si and P signals; scale bar, 200 nm. (B) Si NW growth rates at 480
°C as a function of SiH4 partial pressure. Dashed line represents a linear fit to the data with a slope of 1.6
nm·min−1·mTorr−1 . Growth rate data was determined from the growth times and intrinsic segment lengths
derived from the image in panel A. (C) High-magnification EDS elemental map of the white dashed area in
panel A, showing n–i–n sequences grown at SiH4 partial pressures of 20 mTorr (left) and 200 mTorr (right);
scale bar, 50 nm. (D) P elemental line scans (green curves) along the NW axis derived from the dashed
regions denoted I (left) and II (right) in panel C. Solid red lines denote fits of the profiles to exponential
functions (see text), and the shaded red area denotes 95 % confidence intervals.
To evaluate the abruptness of dopant transitions, an EDS map of the area containing 20 and 200 mTorr
segments was obtained with higher resolution, as shown in Figure 3.2C. Despite the 10-fold increase in
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growth rate, no statistically significant broadening of the dopant transition width is observed. Line scans
of each n-type-to-intrinsic transition are shown in Figure 3.2D along with fits to the single exponential
function convoluted with a Gaussian to take into account instrumental broadening.67 Calculated transition
widths were 4.6 ± 0.7 and 3.7 ± 1.1 nm for 20 and 200 mTorr partial pressures, respectively. The sub-5
nm transitions and invariance of the transition width with growth rate confirm that the reservoir effect, in
which the liquid catalyst can retain P dopants and broaden transition widths, has been suppressed under these
growth conditions.67 The dopant transition widths in these VLS-grown NWs are only slightly broader than
the transition widths recently reported with a solid rather than liquid catalyst.100
Figure 3.3: Fit of the EDS spectrum used to determine relative amounts of each element. (A) Example of a
fit of the entire EDS spectrum. (B, C) Fits of EDS spectra around Au peaks at 20 mTorr (B) and 200 mTorr
(C).
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3.2.3 Role of Surface Au
Figure 3.4A shows a bright-field STEM image and EDS elemental heatmap of Au for the same multiseg-
mented n–i–n NW shown in Figure 3.2. The image shows that Au is heterogeneously deposited on the surface
of the epitaxial NW, and the quantity of Au within each n–i–n segment strongly depends on the growth rate
and SiH4 partial pressure. In particular, the Au colormap shows a signal intensity progressively increasing
with decreasing partial pressure from 150 to 20 mTorr and a sudden drop in Au at the transition from 20 to
200 mTorr. A magnified elemental heatmap of the last two n–i–n segments, grown at 20 and 200 mTorr, is
presented in Figure 3.4B. The 20 mTorr segment shows high Au counts with a number of Au nanoclusters.
The net atomic percentage of Au in the 20 mTorr segment, as determined by EDS mapping, is 0.12 %, which
corresponds to a surface Au coverage of 2.2 atoms·nm−2 . This value agrees well with previous reports for
NW growth in the 〈111〉 direction,88 and loss of this relatively small quantity of Au would produce a subtle
(<2 nm/micron) change in the diameter of the 100 nm Au catalyst as the NW grows. However, the Au signal
at 200 mTorr falls below the detection limit (Figure 3.3), suggesting that the Au deposition is dramatically
depressed. In addition, the presence of an abrupt transition from a high-intensity to near zero-intensity zone
suggests that there is no substantial diffusion of Au or AuSi during the VLS growth. Thus, the deposited
Au appears to be immobile on the surface during growth, which is consistent with prior reports that surface
chlorination suppresses Au diffusion.98 In addition, the localized heterogeneity of the Au and absence of Au
on the Si surface close to the Au catalyst suggests that the Au is deposited as the liquid contact line moves
forward during VLS growth (corresponding to mechanism iii discussed above).
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Figure 3.4: Characterization of Au surface aggregation as a function of NW growth rate and P doping. (A)
(Top) Bright-field STEM image of a single-crystalline Si NW grown with six n–i–n sequences, as denoted
by the labels, at SiH4 partial pressures of 150, 100, 70, 40, 20, and 200 mTorr; scale bar, 200 nm. (Bottom)
Normalized heatmap of the Au EDS signal from the NW shown in the upper panel. White arrows indicate
preferential deposition on intrinsic segments at 70 and 100 mTorr; scale bar, 200 nm. (B) (Top) Normalized
heatmap of the Au EDS signal from the regions denoted by the dashed boxes in panel A; scale bar, 100 nm.
(Bottom) Au elemental line scan along the NW growth axis derived from the image in the upper panel. (C)
Au atomic percentages as a function of SiH4 partial pressure (bottom axis) or growth rate (top axis) for n-type
segments (green) and intrinsic segments (red). Data derived from the NW shown in panels A and B. LOD
refers to
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the limit of detection. Inset: STEM EDS elemental map of P showing the regions (green rectangles) used
to collect data for intrinsic segments. (D) SEM images of NWs grown with n–i–n (top) or i–n–i (bottom)
segments at SiH4 partial pressures of 150, 100, 70, 40, 20, and 200 mTorr, as denoted by labels. NWs were
etched with KOH solution (top) or BHF solution (bottom); scale bars, 200 nm.
In Figure 3.4C, we quantify the amount of Au deposited as a function of SiH4 partial pressure for both
intrinsic and n-type segments. The Au signal decreases rapidly with increasing SiH4 partial pressure and
falls below the detection limit at 100 mTorr for n-type and 150 mTorr for intrinsic regions. At intermediate
partial pressures of 70 and 100 mTorr, the Au signals on the intrinsic regions are substantially larger than
on the n-type regions. This trend is apparent in the intrinsic regions denoted by arrows in the heatmap of
Figure 3.4A, showing substantial Au in comparison to the adjacent n-type regions. In addition, SEM images
of larger diameter NWs (Figure 3.5) also show clear Au deposition on intrinsic segments.
Figure 3.5: Tilt-view SEM images of Vertical Si NW grown at a constant SiH4 partial pressure with dopant
modulation before (left) and after (right) etching in BHF. Secondary whiskers are preferentially found on
intrinsic Si.
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As shown by the two SEM images in Figure 3.4D, we evaluated the quality of ENGRAVE structures by
wet-chemical etching of NWs with n–i–n or i–n–i segments grown at varying SiH4 partial pressures using
KOH and BHF solutions, respectively. In KOH solution, we expect the intrinsic segments to selectively etch,
and we observed smooth and conformal etching for all segments grown above 100 mTorr (upper panel in
Figure 3.4D). However, at or below 100 mTorr, the intrinsic segments exhibit imperfect and nonuniform
etching. The poor etching appears to be directly correlated with the deposition of Au on the NW surface, and
this result is consistent with the recent report of an Au-enabled etch stop in Si NWs.? In contrast, the BHF
etching was substantially less affected by the surface Au (bottom panel in Figure 3.4D). In BHF solution,
we expect the n-type regions of the i–n–i segments to selectively etch,29 and all of these regions exhibited
good etching independent of the SiH4 partial pressure. The only minor effect was a slight increase in the
etch rate with increasing surface Au, which could be attributed to the appearance of a metal-assisted etch
mechanism.101,102 However, the relatively minor effect suggests that etching of n-type Si in BHF occurs
primarily by the dopant-dependent electrochemical etch mechanism.103,104 Note that in a control study shown
in Figure 3.6, we found that the total reactor pressure in the CVD system played no role in the deposition of
Au on the NW surfaces and that instead the SiH4 partial pressure was the key deterministic factor.
Figure 3.6: Effect of total reactor pressure on etching. (A) SEM image of etched Si NW grown sequentially
with three different reactor pressure/ SiH4 partial pressure combinations; (i) 2 Torr/20 mTorr, (ii) 20 Torr/200
mTorr, and (iii) 20 Torr/20 mTorr. Scale bar, 1 µm. (B–D) High-magnification SEM images of the three
sections in panel A. Scale bars, 500 nm.
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The reproducibility of the Au etch stop behavior in KOH solution was confirmed through the growth of
intrinsic NWs with the SiH4 partial pressure periodically modulated between 20 and 200 mTorr, as shown in
Figure 3.7A. The pressure modulation resulted in the periodic deposition of Au nanoclusters on the sidewall
of the NW, as apparent from the secondary VLS whiskers in the low partial pressure regions in the SEM
of Figure 3.7A. Etching of the NW in KOH solution (Figure 3.7B) produced a grating structure in which
the high partial pressure regions etched whereas the low partial pressure regions did not. To further confirm
that the etch stop behavior was the result of Au deposition, we removed Au from the NW surface using a
brief BHF etch followed by a potassium iodide (KI) Au etch. As apparent from the SEM images in Figure
3.7C, the Au etchant removes the Au catalyst from the NW, and all regions of the NW exhibit substantial
etching in KOH solution. This result confirms that Au removal from the NW sidewall eliminates the periodic
structure observed after KOH etching, confirming the role of Au as an etch stop. The relatively small degree
of periodicity still remaining in the NW is attributed to incomplete removal of Au during the KI etch.
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Figure 3.7: Impeding KOH wet-chemical etching in intrinsic Si NWs through localized Au aggregation. (A)
(Top) False-colored SEM image of a Si NW in which blue segments were grown at 200 mTorr and yellow
segments at 20 mTorr by modulating the SiH4 flow between 2.0 and 0.2 standard cubic centimeters per
minute (sccm); scale bar, 200 nm. (Bottom) SiH4 partial pressure (PSiH4) as a function of time (bottom axis)
or axial NW length (top axis) for the NW shown in the upper panel. (B) (Top) SEM image of an intrinsic Si
NW with modulated partial pressure after etching in aqueous KOH solution; scale bar, 500 nm. (Bottom)
Magnified SEM image of the dashed area in the top panel; scale bar, 200 nm. (C) (Top) SEM image of a Si
NW after Au removal using an aqueous KI wet-chemical etch. (Bottom) SEM image of the same Si NW as
shown in the top panel after etching in KOH solution; scale bars, 200 nm.
3.2.4 Role of HCl on NW growth
To further understand the role of HCl and surface chlorination, we synthesized a NW with n–i–n segments
grown at varying HCl-to-SiH4 partial pressure ratios with the SiH4 partial pressure fixed either to 20 or 200
mTorr, as shown schematically in Figure 3.8A. A SEM image of the NW after wet chemical etching in KOH
solution is shown in Figure 3.8B. As apparent from the image, intrinsic segments grown at 200 mTorr etch
uniformly, whereas intrinsic segments grown at 20 mTorr do not etch. Surprisingly, a 5-fold change in the
ratio of HCl to SiH4 ratio produces no substantial change in the etch behavior. Even at the highest ratio, with
a HCl partial pressure of 80 mTorr, the n–i–n segments grown at low growth rate with a SiH4 partial pressure
of 20 mTorr exhibit no etching, which we attribute to the deposition of Au on the NW surface. Figure 3.8C
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shows SEM images of a NW grown at a SiH4 partial pressure of 200 mTorr and n–i–n segments grown at a
HCl/SiH4 ratio varying from 0.1 to 5. For a ratio below ∼1.0, there is some evidence that Au begins to appear
on the NW surface, as shown by the segment labeled I and grown with a pressure ratio of 0.1. However,
even this n–i–n segment, grown at a high growth rate but low HCl partial pressure of 20 mTorr, still exhibits
substantially better etching than any segment grown at low growth rate.
Figure 3.8: Influence of HCl and surface chlorination on NW growth rate, Au aggregation, and NW wet-
chemical etching. (A) Schematic of a Si NW grown at 200 and 20 mTorr SiH4 partial pressure with HCl to
SiH4 pressure ratios (PHCl/PSiH4) ranging from 0.8 to 4. Red regions denote the intrinsic segments surrounded
by n-type segments. (B) SEM image of a Si NW, corresponding to the diagram in panel A, after etching in
KOH solution; scale bar, 500 nm. (C) (Top) SEM image of a Si NW etched in KOH solution with n–i–n
segments grown at PHCl/PSiH4 ratios, from left to right, of 0.1, 0.2, 0.5, 1, 2, 3, 4, and 5; scale bar, 1 m.
(Bottom) Magnified SEM images of etched segments labeled I (left) and II (right) grown with at PHCl/PSiH4
ratios of 0.1 and 5, respectively; scale bars, 200 nm. (D) Plot of growth rate versus the PHCl/PSiH4 ratio,
ranging from 0.1 to 5, at a constant SiH4 partial pressure of 200 mTorr. Growth rate data was acquired from
the intrinsic segment lengths of NWs etched as shown in panel C.
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The only clear effect of changing the HCl to SiH4 ratio was a change in the NW growth rate. As illustrated
in Figure 3.8D for NWs grown at 200 mTorr, we observed a 30–35 % decrease in growth rate when the
ratio was changed from 0.1 to 5.0. This effect can most likely be attributed to a gas-phase reaction between
SiH4 and HCl to form silicon chlorides such as SiCl2.105,106 Because Si–Cl has a larger bond strength than
Si–H,100,107 the formation of silicon chlorides is expected to decrease the rate of Si incorporation into the
catalyst, depressing the growth rate. This growth rate reduction with HCl qualitatively agrees with a previous
report on the kinetics of Si epitaxy in which SiH4 and HCl were employed.106
3.3 Discussion
3.3.1 Role of Surface Chemistry
The results presented in Figures 3.1–3.8 highlight the importance of both HCl and a high SiH4 partial
pressure (>100 mTorr, corresponding to a growth rate >150 nm/min) for achieving high-quality vertical
NWs with abrupt dopant transitions and segments that can be selectively etched using either KOH or BHF
solutions. Although the microscopic mechanisms causing Au deposition and catalyst stability or instability
remain an open question, the results presented herein can be reasonably well explained within the framework
of the Si NW surface chemistry. For this discussion, we assume the Si surface will be found in one of four
states during VLS growth: (i) unpassivated, (ii) passivated with hydrogen, (iii) passivated with chlorine, or
(iv) passivated or coated with Au(s) or AuSi(l). As illustrated in Figure 3.9, we can use these four states to
explain the experimental observations in this study
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Figure 3.9: Schematic illustration of surface passivation during VLS growth under various process conditions,
including (A) low SiH4 partial pressure without HCl, (B) high SiH4 partial pressure without HCl, (C) low
SiH4 partial pressure with HCl, and (D) high SiH4 partial pressure with HCl.
First, we can hypothesize why vertical 〈111〉 NWs can be grown without HCl if the growth rate is low
but not if the growth rate is high. At low growth rates, we found the NW surface to be coated with small Au
particles (Figure 3.9A), which serve to passivate the NW sidewall and stabilize 〈111〉 growth. At high growth
rates, however, the Au particles are absent. In this case, the NW sidewall may be passivated with hydrogen
in regions close to the triple-phase boundary (see the paragraph below), but hydrogen is expected to have
desorbed at regions farther from the boundary (Figure 3.9B). Desorption thus leaves a large surface area
without passivation, and we propose that a large volume of the AuSi(l) catalyst will then wet this surface,
causing instability and the worm-like growth apparent in Figure 3.1F. This hypothesis is supported by multiple
literature studies that have proposed the same mechanism of 〈111〉 growth stabilization by surface Au.86,87
Second, we can hypothesize why the Au nanoparticles appear on the NW surface at low growth rates
and SiH4 partial pressures but not at high growth rates and partial pressures. Pyrolysis of SiH4 is known
to provide H atoms that can passivate the NW sidewall,91 and we presume that pyrolysis predominantly
occurs at the surface of the catalyst because no Si deposition is observed on the NW sidewall. In addition, the
growth temperature is too low for surface hydrogenation by molecular H2 but high enough to desorb surface
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hydrogen into H2. Therefore, the surface concentration of H will depend both on the rate of SiH4 pyrolysis
and the rate of H desorption as H2. Thus, at low SiH4 partial pressures, we expect minimal H to be present on
the catalyst surface because H2 desorption will be faster than H can be supplied from the SiH4. As illustrated
in Figure 3.9A, this causes the Si NW surface in the vicinity of the triple-phase boundary to be unpassivated,
causing deposition of Au on the sidewall of the NW. At high SiH4 partial pressures, however, the higher rate
of SiH4 pyrolysis provides a larger supply of H to the catalyst, causing the Si NW surface in the vicinity of
the triple-phase boundary to be passivated (Figure 3.9B). The H passivation suppresses deposition of Au.108
The absence of Au in P-doped n-type sections of the NWs grown at intermediate SiH4 partial pressures (cf.
Figure 3.4C) supports this explanation because PH3 pyrolysis provides an additional source of H. Moreover,
P could potentially act as a passivating agent, and P-doped Si NWs are often observed to contain a thin layer
of heavily doped Si at the surface.109 In addition, the absence of H passivation in the vicinity of the triple
phase boundary also explains the deposition of Au at low SiH4 partial pressures for NWs grown with HCl
(Figure 3.9C). Note that given the tendency of H to desorb from the Si surface at the growth temperature
of 480 °C,91,96 we expect that H will be present only in the vicinity of the triple-phase boundary and to
have desorbed from regions further from the catalyst. These results highlight a key difference between NW
growth with SiCl4 95 and NW growth with SiH4 and HCl. In the former case, immediate Cl passivation at the
triple-phase boundary presumably prevents Au deposition, whereas in the latter case hydrogen passivation is
required to prevent Au deposition at the triple-phase boundary.
Third, we can hypothesize why HCl induces stable 〈111〉 NW growth at high SiH4 partial pressures.
After growth of new Si crystal planes at the triple phase boundary, we expect that the surface will be rapidly
chlorinated by HCl, as indicated in Figure 3.9C,D. For low SiH4 partial pressures, the NW surface is already
passivated by Au, which alone is able to stabilize NW growth in the 〈111〉 direction. Thus, the addition of
surface chlorination does not have any direct additional impact on the catalyst stability. For high SiH4 partial
pressures without Au on the surface, however, Cl passivation is critical for preventing the liquid catalyst
droplet from wetting the surface and inducing a kink88,91 or wormlike growth.86 This effect can be explained
by a high Si–Cl(s)/AuSi(l) solid/liquid surface energy, where Si–Cl(s) refers to a chlorinated silicon surface.
In addition, the NW surface chlorination prevents additional Si deposition on the NW sidewall, preserving
the cylindrical NW geometry and preventing the appearance of surface faceting and a tapered structure. Note
that the results shown in Figure 3.1D for a NW grown with and without HCl at a low SiH4 partial pressure
suggest that the primary role of HCl is Cl passivation that prevents deposition rather than Si etching by HCl
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after deposition. In Figure 3.1D, the region grown with HCl shows less sidewall deposition than the region
grown without, indicating the Cl passivation was stable for some time even after HCl was removed from the
CVD system. In addition, NWs grown with HCl are never observed to be inversely tapered (narrower at the
base rather than tip), indicating that Si etching is not a primary process during growth. These observations
are consistent with the fact that SiCl2 is known to desorb only at temperatures ∼100 °C higher than the NW
growth temperature used herein.96,110,111
Although a discussion of surface chemistry during VLS growth provides a reasonable framework for
interpreting the experimental observations, there is still a need for future studies that can provide direct
evidence of the proposed mechanisms. Moreover, an alternate explanation for the presence or absence of Au
at low or high SiH4 partial pressures and growth rates, respectively, can be proposed. A high NW growth
rate is a consequence of a higher supersaturation of the liquid AuSi catalyst. If we assume that during VLS
growth Au is deposited on the NW sidewall either in the form of solid Au or liquid AuSi droplets at the
liquidus concentration, then the deposition will cause a decrease in the atomic percentage of Au in the liquid
catalyst. Under supersaturation conditions, which possess a high nonequilibrium percentage of Si, the loss
of Au will induce a substantial free energy penalty to the microscopic system.100 This free energy penalty
increases with increasing supersaturation of the liquid catalyst. Thus, the absence of Au at high SiH4 partial
pressure could potentially originate from the higher catalyst supersaturation, which induces a higher free
energy barrier for deposition of a small Au particle on the NW surface. However, the passivation effect of the
Au (i.e., passivation of a Si dangling bond) may mitigate this effect. The current set of experimental results
cannot conclusively distinguish between an explanation based on catalyst supersaturation or NW surface
chemistry.
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Figure 3.10: Encoding complex morphology in vertical Si NWs. (A, B) Tilt-view SEM images of vertical
NW gratings in epitaxial 〈111〉 Si NWs prepared by etching in KOH solution (panel A) and BHF solution
(panel B); scale bars, 1 m. Insets: magnified views of each etched NW; scale bars, 200 nm. (C) False-colored
tilt-view SEM images of vertical NWs with various morphologies created by P dopant modulation and BHF
etching. The Au catalyst is false-colored in yellow and Si in blue; scale bars, 200 nm. Lower panels depict
the PH3 flow profile and dopant profile used to encode the morphology in the final 1 m of each NW.
Figure 3.10A shows a vertical NW grating prepared by Au-free 〈111〉 epitaxial growth and subsequent
etching in KOH solution, and Figure 3.10B shows an analogous vertical NW grating prepared by BHF
etching using an iterative oxidation and etch process described elsewhere.29 Each NW contains sub-5 nm P
dopant transitions; however, more abrupt morphological junctions are found in the gratings prepared by BHF
compared to KOH solutions, which is most likely the result of broadening due to mass transport of the KOH
etchant in solution.67 Using optimal growth and etching conditions, a broad set of complex morphologies
can be encoded in vertical NWs, as shown by the gallery of encoded NWs—including gratings, sinusoids,
sawtooths, and tapers—depicted in Figure 3.10C.
3.4 Conclusion
We have demonstrated the importance of understanding and controlling the microscopic details of NW
synthesis in order to design complex, morphology-encoded epitaxial NWs. Epitaxial Si NWs with sub-5 nm
P dopant transitions and Au-free sidewalls are found to grow in a high SiH4 partial pressure environment in
the presence of HCl. We have shown by quantitative electron microscopy analyses that deposition of Au on
the NW sidewall is highly correlated with SiH4 partial pressure. Surface Au-free NWs with encoded dopant
patterns exhibit conformal etching in aqueous KOH or BHF solution, creating complex morphologies in
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epitaxial NWs. We expect that the precise and high-resolution morphological control demonstrated here can
serve as a versatile tool for a variety of technologies.
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MIE-COUPLED BOUND GUIDED STATES IN NANOWIRE GEOMETRIC
SUPERLATTICES
4.1 Introduction
Optical interconnects and logic elements operating on the nanometer scale could enable the leap into
all-optical computing technology, which would alleviate the bandwidth and energy consumption limitations
of current technologies.112 For instance, dielectric waveguides (WGs) made on silicon-on-insulator (SOI)
platforms have been widely explored for carrying and modulating optical signals;113 however, they are
confined to a planar geometry, and coupling light into and out of these structures relies on conventional
grating couplers that are often orders of magnitude larger in size than the WGs.114,115 Nanowires (NWs)116
offer an alternate platform on which to design dielectric WGs at exactly the diffraction limit in an optimal
cylindrical geometry.50,51,60,117 NWs enable the guiding of light in flexible, non-planar, three-dimensional
geometries, and permit the addition of conformal cladding materials including dielectrics and metals.44
Despite these advantages, in-coupling of light to NW WGs remains problematic and has relied on scattering
at NW end facets50,51 or end-on parallel coupling to the NWs60,117 because there is no comprehensive light
coupling scheme for a NW geometry. Moreover, existing methods are not spectrally selective, limiting their
utility for applications where mode-selection is important. Given that NWs are also well known to exhibit
strong Mie resonances,33,47 there have been efforts to explore the connection between Mie resonances and
guided modes.48 However, because of momentum mismatch, guided modes are by their nature inaccessible
optical bound states118 under normal incidence light, leaving the opportunities for interplay between a Mie
and guided mode as yet obscure.
Nanoscale systems often exhibit unique light-matter interactions119 when the geometric and composi-
tional design of a system causes complex wave interference effects, which can include Fano resonances,120
2 Portions of this chapter reproduced with permission from Kim, S.; Kim, K.-H.; Hill, D. J.; Park, H.-G.; Cahoon, J. F. Mie-coupled
bound guided states in nanowire geometric superlattices. Nature Communications 9, Article number: 2781 (2018).
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electromagnetically induced transparency (EIT),121 and scattering dark states.122,123 A Fano resonance arises
from weak coupling between two resonances with different damping rates, creating an abrupt spectral feature
in the optical response. EIT and scattering dark states originate from oppositely-oriented radiative resonances
that destructively interfere with each other in the far field.121–125 The same optical effect can occur in systems
with a near-field interaction between a super-radiant, bright mode and a sub-radiant, dark mode.126,127 In this
case, an exchange of energy between the modes results in a coupled excitation of the bright and dark state,
causing an abrupt Fano-like or EIT-like feature in the optical response. Far-field and near-field interactions are
usually interchangeable frameworks that can describe the same phenomena with a different basis set.122,128
These spectral features are often generated through geometric perturbation of a nanostructure to break spatial
symmetry, causing a previously dark state to be accessed.121,126,129,130
Here, we show that a NW geometric superlattice (GSL), which breaks the infinite translational symmetry
of a NW, can couple a Mie resonance with a bound-guided state (BGS) of the NW. Complementary to reports
on bound states in the continuum (BIC),118 which describe the appearance of bound states above the light
cone, we selectively access one normally inaccessible BGS from a continuum of conventional bound states
below the light cone by precisely modulating the NW geometry. As a result, a sharp, Fano-like feature that
can be assigned as a scattering dark state appears in the Mie scattering spectrum at the wavelength of the
BGS. The geometric dependence of both the Mie resonance and BGS provides broadband tuning of the effect
from visible through near-infrared wavelengths. We experimentally demonstrate the appearance of scattering
dark states from NW GSLs and show selective guiding of light up to telecommunication wavelengths with
a Fourier-transform-limited bandwidth. This report is the first demonstration of Mie-BGS coupling and
selective narrow-band guiding in a NW WG system. In addition, we show that the coupling wavelength is
highly sensitive to the local refractive index, an effect that we use to design a sensor and optical switch.
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4.2 Results and Discussion
4.2.1 Mie-BGS coupling in a NW GSL
Figure 4.1: The geometry and coupled resonances of a NW GSL. a Structure and illumination geometry of a
Si NW GSL. b Schematic illustration of a leaky Mie resonance with a broad spectral envelope (left) and a
continuum of BGS states (right), in which a specific BGS state, ωg, is selected by the choice of pitch p. c
Numerically calculated spectra of Qsca (solid lines) and analytical fit by TCMT (dotted lines) for an infinite
NW with uniform d ( = 0) of 140 nm (gray) and for NW GSLs with d = 140 nm, e = 135 nm, and varying
p of 360 nm (orange), 420 nm (red), and 500 nm (brown). The pitch, p, in nanometers is denoted for each
spectrum, where p =∞ corresponds to an infinite NW of uniform diameter d. All spectra are successively
offset vertically by 10. d–f Schematic and calculated magnetic field profiles for a GSL with p = 420 nm at
frequencies of ω+ (d), ω− (e), and ωg (f), corresponding to the red spectrum and labels in c at wavelengths of
692, 713, and 703 nm, respectively.
The geometry of a NW GSL, illustrated in Figure 4.1a, is uniquely defined by three geometrical
parameters, the pitch (p), outer diameter (d), and etch diameter (e), and is composed of equally spaced
cylindrical segments of modulated diameter (δ = d – e), where each segment has an axial length of p/2.
We consider this structure illuminated at normal incidence under TM polarization with the magnetic (H)
and electric (E) fields perpendicular and parallel, respectively, to the NW axis. Figure 4.1b schematically
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illustrates coupling between the two eigenmodes in a NW geometry, a Mie resonance that strongly couples
with a free-space plane wave and a BGS selected from the continuum. Here, we consider the criterion for an
ideal bound state to be absence of loss, absence of external coupling, and time invariance of energy within
the structure. Thus, for a NW system, the ideal BGS refers to a standing wave with amplitude Ag formed
by the superposition of two counter-propagating guided modes, Ag = [Ar(x,z)B(y)exp(ikg,L(y-y0) – iωgt)
+ Al(x,z)B(y)exp(–ikg,L(y-y0) – iωgt)], with the same angular frequency (ωg) and longitudinal wavevector
(kg,L), where y is spatial position along the NW axis, y0 is the spatial origin chosen to coincide with the
center of a GSL segment, Ar(x,z) and Al(x,z) are the cross-sectional amplitudes of right- and left-propagating
guided modes, respectively, (with Ar = Al, for an ideal BGS), B(y) is the longitudinal envelope function (with
B(y) = constant, for an ideal BGS), i is the imaginary unit (i2 = –1), and t is time. Note that this expression
will also describe a conventional guided mode if either Ar or Al is zero. For a perfect cylinder (δ = 0), the
Mie and BGS modes are orthogonal and incapable of coupling to one another. For a GSL (δ > 0), we
consider a non-zero coupling frequency, ωc, between a Mie resonance centered at ωm and a BGS centered
at ωg. For normal incidence illumination, the coupling is non-zero only for the ωg with a kg,L that matches
the geometrically defined p(i.e., kg,L = 2πm/p, where m = 1, 3, 5, . . .) because these frequencies experience
coherent amplification whereas mismatched ones vanish. Thus, the structure behaves as a Fourier selector
in which only the spatial frequency components, including higher mth order odd harmonics (Figure 4.2),
matched to the structure are coupled to a BGS.
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Figure 4.2: Fourier selection of BGS by higher harmonics. a A square wave representing a GSL structure and
its Fourier series that consists of odd-numbered harmonics of the fundamental frequency. b Qsca spectrum
of NW GSLs with d = 140 nm and e = 135 nm of three different values of p = 420 nm (top), p = 1260 nm
(middle) and p = 2100 nm (bottom). Pitch was varied to tailor higher harmonic interactions with a Mie
resonance fixed at the same wavelength. c–e Schematic and calculated magnetic field profiles for the GSLs in
panel b at the dip, showing a BGS mode with m = 1 (c), m = 3 (d) and m = 5 (e) antinodes confined at each
segment.
Figure 4.1c shows numerically calculated scattering efficiency (Qsca, see Methods for details) spectra
(solid lines) and analytically calculated spectra (dashed lines) derived from temporal coupled-mode theory
(TCMT)122,131 for a uniform NW (labeled p∞) and three NW GSLs of varying p. The dominant peak in
the uniform NW spectrum corresponds to the fundamental TM11 magnetic dipolar Mie resonance (directly
related to the HE11 guided mode48) centered at ωm. For the GSL, in contrast, a sharp and pronounced
scattering dip (labeled ωg for p420) is observed within the Mie resonance. The calculated field profile at
ωg (Figure 4.1f) exhibits a standing wave with antinodes centered on each cylindrical segment (see also a
time-lapsed animation in Supplementary Movie 1). This standing wave profile corresponds to the BGS. For
shorter (p360) and longer (p500) values of p, the scattering dip shifts to the blue or red of ωm, respectively;
nevertheless, the same standing wave profile is observed at the scattering dip for all values of p (Figure 4.3).
The peaks to the blue and red of the scattering dip in Figure 4.1c (labeled ω+ and ω–, respectively, for p420)
exhibit mode profiles (Figure 4.1d, e) with antinodes centered only on the small or large diameter segments,
respectively, and these profiles are also preserved for every value of p (Figure 4.3). Substantially larger
values of p shift ωg off the Mie resonance envelope, causing the scattering dip to disappear and no power to
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be transferred to the BGS (Figure 4.4). In addition, a tilt of the incoming plane wave provides a non-zero
momentum along the NW axis, causing the BGS scattering dip to split into two separate dips dominated by a
right- and left-propagating BGS state (Figure 4.5); however, we focus only on normal incidence illumination
in this study.
Figure 4.3: Calculated Magnetic Field Profiles of a GSL with varying pitch. a-b, Schematic and calculated
magnetic field profiles for a GSL with p = 360 nm (a) and p = 500 nm (b) from Figure 4.1c, showing coupled
TM11 dipolar modes appearing in small diameter regions (ω+, top) and large diameter regions (ω–, middle),
and a standing wave as a superposition of counter-propagating HE11 guided modes (ωg, bottom).
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Figure 4.4: Disappearance of BGS coupling at long pitch values outside the Mie resonance envelope. a-b
Simulated Qsca spectra with d = 140 nm and e = 135 nm for an onresonance p = 420 nm (a) and an off-
resonance p = 1000 nm (b) NW GSL under plane wave illumination. A scattering dip is not observed for
p = 1000 nm in the shaded region of the spectrum where the first-order (m = 1) BGS is expected, but the
third-order (m = 3) mode appears at ∼668 nm. c-d, Simulated Qsca spectra (upper graphs) and Qguided spectra
(lower graphs) for an on resonance p = 420 nm (c) and an off-resonance p = 1000 nm (d) GSL-WG under
illumination with a Gaussian beam. For the off-resonance structure (panel d), no guided power is observed in
the shaded region of the spectrum where the first-order (m = 1) BGS is expected, but guided power from the
third-order (m = 3) mode appears at ∼668 nm.
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Figure 4.5: Incident angle dependence of BGS coupling. Simulated Qsca spectra of a NW GSL with d =
140 nm, e = 135 nm, and p = 420 nm under plane wave illumination at 0° (upper), 10° (middle), and 20°
(bottom) with respect to the normal, showing a splitting of the BGS into primarily right-propagating (Ar) and
left-propagating (Al) BGS modes.
The features of the Mie-BGS coupling can be accounted for using TCMT.122,131 The dynamic state of




















where Am is the Mie resonance amplitude, γm and γg are radiative decay rates for the Mie resonance and BGS,
S+ is the incoming wave, and km is the coupling coefficient to the incoming wave. Here, we have neglected
absorptive contributions and neglected an off-diagonal radiative coupling term, γc. The outgoing wave,
S−, can be expressed as S− = S+ + dmAm, where dm is the coupling coefficient to the outgoing wave. The
coupling coefficients of the BGS to the incoming and outgoing waves are set to zero under normal incidence
illumination, which assumes that γg is small compared to γm. In a perfectly cylindrical NW geometry (δ =
0), coupling between the Mie resonance and BGS does not occur, and ωc and γg are both zero, leaving both
resonances unaffected and the BGS completely dark. However, in the case of a NW GSL, both parameters
are non-zero, and scattering cross-sections calculated using Eq. (4.1) are plotted in Figure 4.1c as dotted lines.
Analytical parameters are summarized in Table 4.1 and were determined by a fit to the numerical simulation
considering energy conservation and time reversal symmetry,122 reproducing the spectral features in the
numerical results. Note that the scattering dip does not go to zero because of the introduction of loss in the
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guided mode (γg > 0; see Figure 4.6). The good agreement of numerical and TCMT results validates the
assignment of the scattering dip as a scattering dark state resulting from coupling between a Mie resonance
and BGS. Similar calculations with different geometrical parameters (Figure 4.7) show that the effect is fully
tunable from visible through infrared wavelengths by changing d and p with a fixed δ.
λm (nm) λg (nm) ωm (THz) ωg (THz) ωc (THz) γm (THz) γg (THz)
p∞ 700 1000 2691 1884 –a 177 –a
p360 700 680 2691 2770 24 179 5.4
p420 700 703 2691 2679 30 179 5.4
p500 700 726 2691 2595 30 179 4.5
a Any arbitrary value can be chosen
Table 4.1: Parameters used in the TCMT for fitting Qsca spectra in Figure 4.1c.
Figure 4.6: Schematic plots of Mie-BGS coupling with and without γg. Schematic scattering plots for ωm =
ωg when γg is zero (left), 1/100 ωm (middle) and 3/100 ωm (right).
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Figure 4.7: Diameter dependence and spectral tunability of Mie-BGS coupling. Simulated Qsca spectra of
GSLs of selected pitches with d = 120 nm, e = 115 nm (a), d = 160 nm, e = 155 nm (b), d = 250 nm, e = 245
nm (c), and d = 340 nm, e = 330 nm (d).
Diagonalization of the energy matrix in Eq. (4.1) yields eigenfrequencies, ω+ and ω-, and the eigenmodes,
A+ and A−. If the scattering dip appears at the center of the Mie resonance (ωm = ωg; red curve in Figure
4.1c), the eigenmodes are A± = Am ± Ag, where Am corresponds to a dipolar Mie resonance uniformly
distributed across the axial length of the NW, and Ag is the standing-wave mode profile of the BGS. The
eigenmodes A+ and A− thus represent interference between the Mie resonance and BGS, in which the axially
uniform amplitude of the Mie resonance overpowers the oscillating amplitude of the BGS with a relative
phase shift of π for the two eigenmodes. This result corresponds to the numerically calculated mode profiles
in Figure 4.1d, e for the adjacent peaks on the blue (ω+) and red (ω−) sides of the scattering dip. This
eigenmode analysis can also justify the assignment of the scattering dip as a Fano resonance arising from the
interaction between a sharp BGS and a broad Mie background resonance.
The bound character of the BGS is apparent if we consider the effect of the modulation depth, δ.
Numerical simulations (Figure 4.8) with δ ranging from 20 to 2 nm show a marked narrowing of the scattering
dark state linewidth and increase of the quality factor, extrapolating to infinity as δ approaches zero. Moreover,
ωc decreases as δ decreases in magnitude (Table 4.2) because access to the bound state vanishes. In contrast,
as δ increases in magnitude, the linewidth significantly broadens and eventually bifurcates into two distinct
peaks that align with the positions of ω+ and ω−. This transition occurs because the Mie resonance and BGS
are no longer weakly coupled, and instead two qualitatively new modes arise that are more representative of
scattering from Si NW segments of distinct diameters.
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Figure 4.8: Effect of modulation depth on bound character of the BGS. a Numerically calculated Qsca spectra
(solid lines) and analytical fit by TCMT (dotted lines) for a NW GSL with d = 140 nm, p = 420 nm and
varying δ of 0, 2, 5, 10, and 20 nm. δ = 0 nm corresponds to a NW with uniform diameter. Parameters
for TCMT spectra are provided in Table 4.2. b Numerically calculated Qabs spectra of GSLs from panel a,
showing a broad background peak for δ = 0 nm and appearance of a high-quality factor absorption peak
for non-zero δ that eventually bifurcates into two peaks at δ > 15 nm. c Two-dimensional Qsca heat map
with vertical and horizontal axes for δ and wavelength, respectively, showing a vanishing point at δ = 0 nm
that corresponds to a completely bound guided state (BGS). d Quality factor (λ/∆λ) calculated from the fit
parameters (Table 4.2) used panel b plotted against δ, which extrapolates to infinity as δ approaches zero.
50
δ (nm) λm (nm) λg (nm) ωm (THz) ωg (THz) ωc (THz) γm (THz) γg (THz)
0 711 –a –a –a 0 177 –a
2 707 708 2664 2661 12 178 5.3
5 700 703 2691 2679 30 179 5.4
10 687 695 2742 2710 55 183 5.5
20 665 675 2833 2791 129 189 5.7
a Any arbitrary value can be chosen
Table 4.2: Parameters used in the TCMT for fitting Qsca spectra in Supplementary Figure 4.8.
To experimentally verify the predicted optical properties of NW GSLs, a process termed ENGRAVE
(Encoded Nanowire GRowth and Appearance through VLS and Etching)22,29,68 was used to fabricate Si
NW GSL nanostructures from the bottom-up using a gold (Au) nanoparticle catalyzed vapor-liquid-solid
(VLS) growth process. VLS growth produces single-crystalline NWs and is capable of precise size control
and on-demand modification of morphology,22,27,29,71,132 chemical composition,12 and crystal phase.24 Of
the geometric parameters, p is determined by the dopant switching frequency during the growth, and d
and e are determined by the size of Au catalyst and post-growth etch duration, respectively. Optimized
growth conditions without Au loss from the catalyst133 yield NWs exceeding 500 µm in length with no
undesired diameter variation (Figure 4.9). Figure 4.10a–c shows scanning electron microscope (SEM) images
of three distinct NW GSLs with increasing diameters d prepared by the ENGRAVE process using etch
depths of δ = 10–25 nm. Geometrical parameters of each GSL were determined by quantitative image
analysis.68 For optical characterization, a home-built laser microscope (Figure 2.1) capable of polarization-
resolved bright-field extinction measurements using a supercontinuum laser source and balanced detection
was employed.
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Figure 4.9: NW with length of nearly 1 mm with no variation in diameter. a-b, Optical (a) and SEM (b)
images of a NW exhibiting no diameter variation over nearly 1 mm; scale bars, 100 µm. Insets: Magnified
views at each end of a straight portion of the NW; scale bars, 1 µm.
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Figure 4.10: Experimental extinction spectra of NW GSLs. ac SEM images of three NW GSL with
geometrical parameters of d = 130 ± 1 nm, e = 114 ± 1 nm, p = 397 ± 10 nm (a), d = 145 ± 1 nm, e = 119
± 5 nm, p = 383 ± 9 nm (b), and d = 158 ± 1 nm, e = 134 ± 2 nm, p = 465 ± 10 nm (c); scale bars, 500 nm.
Duty cycles for NW GSLs used in panels ac in Figure were calculated to be 50 ± 2 %, 50 ± 2 %, 49 ± 2 %,
respectively, indicating that the length of segments in each GSL is p/2 within ∼1 %. d-i Extinction spectra
of NW GSLs (d-f) and of uniform NWs of the same diameters (g-i), showing experimentally measured
extinction (colored circles and right-hand axes) and numerically simulated Qext (black lines and left-hand
axes). Spectra in d-f correspond to the images in a-c, respectively.
Experimental extinction spectra, plotted as (1 - T) × 100%, where T is the measured transmittance (see
Methods), are shown in Figure 4.10d-i for GSLs (Figure 4.10d-f) and uniform NWs of the same diameters
(Figure 4.10g-i). Each spectrum shows a broad Mie resonance that shifts to longer wavelengths with
increasing diameter. For the GSLs, sharp spectral features deviating from the background Mie resonances are
observed. Numerical simulations (black solid lines) of the extinction efficiency (Qext) that use geometrical
parameters obtained from the SEM images and include the focused laser beam (see Methods) agree well
with the experimental measurements, confirming the presence of Mie-BGS coupling and a scattering dark
state in these nanostructures. However, the simulations also reveal several differences between focused
excitation and the plane wave excitation modeled in Figure 4.1. First, the simulations predict a scattering dip
with a substantially larger linewidth, which can be attributed to the localized excitation causing a broader
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distribution of Fourier spatial components to couple to the BGS. Second, the simulations predict an extinction
peak within the dip, which can be attributed to mode distortion caused by the finite number of GSL periods
excited by the focused beam. Mode degradation in truncated arrays is a common phenomenon observed in
planar metamaterials due to loss of coherence.134,135 In our case, the finite beam prevents the Bloch condition
along the GSL from being satisfied, causing incomplete formation of the BGS and an increase in scattering
loss, manifesting as a peak within the scattering dip (Figure 4.11).
Figure 4.11: Effect of Gaussian beam width. a Qsca spectra around the scattering dip region of a GSL with d
= 140 nm, e = 115 nm and p = 400 nm under focused Gaussian illumination of varying width. Each spectrum
is labeled with its Gaussian full-width at half maximum. Absorptive loss is artificially turned off to only
account for scattering characteristics. b Calculated magnetic field snapshots at marked locations from panel a
and Supplementary Movie 3-4, showing coherent coupling to the BGS under a large beam (top) and radiative
loss under a small beam (bottom).
4.2.2 Tunable guiding in a GSL-WG NW
The geometric dependence of Mie-BGS coupling, as observed in Figure 4.10, can be predicted from
the dispersion relation for the WG modes of a uniform diameter Si NW (Figure 4.12a) and the diameter
dependence of the TM11 Mie resonance. For a fixed longitudinal wavevector kg,L, which corresponds to a
GSL satisfying p = 2πm/kg,L, the frequency of the guided mode decreases with increasing diameter, and the
Mie resonance frequency similarly decreases with increasing diameter. However, because the frequencies of
the Mie resonance and BGS change with diameter at different rates, the pitch p required to center the BGS on
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the Mie resonance shifts to larger values as the diameter of the NW increases and the frequency decreases.
In Figure 4.12a, this shift can be visualized as the intersection of the solid lines (BGS dispersion relation)
with the magenta dashed line (Mie resonance position), which represents the degenerate point where ωm =
ωg and provides a guideline for the geometric design of a GSL to enable optimal Mie-BGS coupling at a
given free-space wavelength. Magenta diamonds and black circles represent data points where the modes
are and are not degenerate, respectively, as determined from numerical simulations of NW GSL spectra in
Figure 4.1c and Figure 4.7. The good alignment of these data points with the dispersion relations confirms
the geometric relationship between d and p for Mie-BGS coupling.
Figure 4.12: Selective excitation of guided modes through a NW GSL. a Dispersion curves (solid lines) of
fundamental HE11 guided modes in infinitely long NWs with d = 140 nm (green), d = 250 nm (purple), and
d = 340 nm (brown). Marker symbols denote the positions of scattering dark states that are centered on a
Mie resonance (magenta diamonds) or off-center from a Mie resonance (black circles). Magenta dashed line
represents the frequency of a BGS that is centered on a Mie resonance for each value of d, so the intersection
of solid and dashed lines represents the condition ωm = ωg. b Structure and excitation geometry of a NW GSL
connected to a NW WG. c Calculated magnetic field profiles of an incoming Gaussian beam background
field, Hbx, (top) and an excited mode scattered field, Hx, (bottom) of a NW GSL with d = 330 nm, e = 310
nm and p = 900 nm, and 10 periods, showing propagation from the GSL into the WG. d, e Simulated Qext (d)
and Qguided (e) spectra corresponding to the structure in b and c.
To take advantage of the WG characteristics, we designed a GSL-WG NW, illustrated in Figure 4.12b,
composed of a truncated GSL adjacent to a long, uniform cylindrical segment that can act as a lossless WG.
The geometric parameters of the GSL were designed to support Mie-BGS coupling in the near-infrared
55
spectral region to avoid absorptive losses in Si. Numerical simulations for a GSL (d = 330 nm; e = 310 nm; p
= 900 nm) with 10 periods of the pitch illuminated by a focused laser beam (Figure 4.12c) yield an extinction
spectrum (Figure 4.12d) with a broad Mie resonance centered at ∼1500 nm and an extinction dip centered at
∼1504 nm. A Mie-BGS coupled excitation occurs at the dip, and the numerical simulations show energy
propagation into the guided mode of the WG segment adjacent to the GSL, as shown by the magnetic field
profile in Figure 4.12c and Supplementary Movie 2. Integration of the energy flux in the WG portion of the
NW yields the guided spectrum shown in Figure 4.12e. As expected, the spectral region guided in the NW
corresponds to the spectral region of the dip in the extinction spectrum. The guided bandwidth of ∼46 nm is
in good agreement with the expected Fourier-transform-limited bandwidth of 48 nm for a Gaussian beam
with a full-width at half maximum of 7 µm. Moreover, we calculate a maximum guided efficiency (Qguided)
of 0.82 for coupling into the WG based on the ratio of the power measured at the end of the WG to the
power incident on the projected area of the GSL. Thus, the near-unity Qguided highlights the high efficiency
with which the Mie-BGS coupling mechanism can funnel the energy associated with the strong light-matter
interaction of the Mie resonance into the guided mode of a NW.
To experimentally validate the expected guiding characteristics of a GSL-WG NW, we synthesized NWs
with a GSL adjacent to a 50 µm WG segment, as illustrated in Figure 4.13a. Geometric parameters of the
NW were chosen to support lossless guiding at frequencies below the bandgap of Si. Because of infrared free
carrier absorption losses in heavily-doped n-type Si NWs,136 we adopted the doping-inverted ENGRAVE
process29,133 in which n-type rather than intrinsic segments are etched (see Methods), allowing the WG
segment to be composed of intrinsic Si. To experimentally measure guiding in the GSL-WG structure, an
excitation beam was focused on the GSL segment, and optical images were collected to observe any light
emission from the end of the WG segment, where light is expected to scatter after traversing the 50 µm WG.
Figure 4.13c-e displays optical images of a GSL-WG structure illuminated at three excitation wavelengths.
As apparent from these images, WG light emission is observed from the end of the WG segment for an
excitation wavelength of 1455 nm but is not observed at wavelengths of 1400 and 1550 nm.
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Figure 4.13: Experimental validation of tunable, narrow-band guiding by NW GSLs. a (Top) False-colored
SEM image of a NW GSL (red) with d = 334 ± 1 nm and p = 781 ± 9 nm prepared by the doping-inverted
ENGRAVE process followed by a 50 µm-long NW WG (blue); scale bar: 5 µm. (Bottom) Magnified views
of dotted regions in the top image; scale bars: 500 nm. be False-colored optical images of the NW from a
without an excitation beam (b) and under excitation at wavelengths of 1400 nm (c), 1455 nm (d), and 1550
nm (e). Yellow arrow and circles denote locations of the excitation beam and the NW tip, respectively. fh
SEM images of GSLs with geometrical parameters of d = 334 ± 1 nm, p = 781 ± 9 nm (f), d = 284 ± 3 nm,
p = 882 ± 6 nm (g), d = 266 ± 1 nm, p = 772 ± 6 nm (h); scale bars, 1 µm. iq Spectra of GSL extinction
(ik), NW WG extinction (ln), and WG emission (oq). Experimental measurements (right-hand axes) are
shown as circles (and blue shaded area for guided spectra), and simulated spectra (left-hand axes) are shown
as black lines. rs Fabry-Perot patterns in guided power spectra for NW WGs with length of 21 µm (r, WG1)
and 53 µm (s, WG2)
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Extinction spectra were collected from both GSL and WG segments of NWs with three distinct geometric
parameters (Figure 4.13i-n) designed to tune the Mie-BGS coupling from ∼1300 to ∼1500 nm. As expected,
the uniform-diameter WG segments show one Mie resonance whereas the GSL segments show a scattering
dark state within the Mie resonance. WG emission spectra, as shown in Figure 4.13o-q, were also experimen-
tally measured by integrating the signal from the end of the WGs (e.g., from the region denoted by a dashed
circle in Figure 4.13b). The WG emission spectra show that guiding occurs over a select wavelength range
that corresponds to the spectral position of the scattering dip in the extinction spectra. The WG spectrum in
Figure 4.13o was collected from the same NW imaged in Figure 4.13b, and the spectrum shows maximal
WG intensity in the 1450-1500 nm range, in agreement with the images in Figure 4.13c-e. Simulations of
Qext and Qguided spectra are shown as solid black lines in Figure 4.13i-q and agree well with experimental
measurements, confirming the Fourier-selected guiding characteristics of the GSL-WG NW system. Qguided
ranges from 0.5 to 1.0 depending on the choice of geometrical parameters.
Interestingly, the guiding spectra exhibit a high frequency oscillation (Figure 4.13o-q), which indicates
that the WG acts as a Fabry-Perot cavity. To confirm this effect, we prepared a single GSL with WG segments
of two different lengths on either side (Figure 4.14). WG emission was observed from the ends of both
WGs, and spectra collected from each end (Figure 4.13r-s) show free spectral ranges (FSRs) of 16.9 and
7.1 nm as well as finesse values of 1.58 and 1.17 from WG1 and WG2, respectively. The FSRs are in good
agreement with the expected values of ∼15 and ∼6 nm based on respective WG cavity lengths, and the
finesse values correspond to round-trip reflectance values of 3 % and 1.2 % for WG1 and WG2, respectively.
The appearance of this Fabry-Perot pattern confirms the high-quality and low loss of the GSL-WG system,
and suggests a potential route for further spectral filtering of the guided light.
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Figure 4.14: Fabry-Perot cavity free spectral ranges in WGs of different lengths. a A NW GSL attached to
WGs at both ends in lengths of 21 and 53 µm; scale bar, 10 µm. b-c, Experimental guided spectra collected
from WG1 (b) and WG2 (c).
4.2.3 Sensing and switching with a GSL-WG NW
The guiding characteristics of the GSL-WG system are sensitive not only to geometric parameters but
also to the refractive index, n, of the surrounding medium, as shown schematically in Figure 4.15a. A change
in n from 1 to 1.5 in steps of 0.1 refractive index units (RIUs) results in a shift of the maximal guided power by
142 nm, as shown by the simulations in Figure 4.15b, c. This large spectral shift corresponds to a sensitivity
of 270 nm RIU−1, which is comparable to the sensitivity of planar dielectric metasurface sensors134 and
suggests potential applications of the GSL system in both sensing134 and optical switching.137 Figure 4.15d
shows the progressive change in guided power as a function of n at three select wavelengths, exemplifying
the sensing and on/off switching characteristic that can be achieved at each wavelength by relatively small
changes in n. However, in comparison to typical microresonators and planar metasurfaces, the finite length
and nanoscale dimensions of the NW GSL cause a relatively low quality factor and wide bandwidth for the
guided light. This difference highlights an inherent but common tradeoff in the design of optical components
in the nanoscale regime; nevertheless, several index-changing strategies, such as the electro-optic effect138,139
and photoisomerization,140 offer sufficiently large index modulation to enable switching in the NW GSL-WG
system.
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Figure 4.15: Optical switching in a GSL-WG. a Schematic of a GSL-WG in which the refractive index, n, of
the surrounding medium (blue) changes from 1 to 1.5. b Simulated guided power spectra for a GSL-WG
with d = 280 nm, e = 250 nm, and p = 800 nm for n varying from 1 (blue) to 1.5 (red) in steps of 0.1. c Plot
of guided peak position shift versus refractive index n. d Normalized guided power versus refractive index
at wavelengths of 1262 nm (purple circles), 1338 nm (yellow triangles), and 1404 nm (red stars). Spectral
positions correspond to the marker symbols in b. e Experimental guided power spectra of a NW WG with
a GSL of d = 280 nm and p = 820 nm measured without PMMA (0), after sequential additions of up to 4
PMMA layers (1-4), and after removal of PMMA (5). Red diamonds and lines denote the spectral position
with maximal guided power for each spectrum. f Normalized guided power at wavelengths of 1286 and 1364
nm derived from spectra labeled 0, 4, and 5 in e, which correspond to estimated effective indices of 1.21, 1.5,
and 1.21, respectively
We experimentally demonstrate reversible, passive sensing, and optical switching by sequentially adding
up to 4 poly(methyl methacrylate) (PMMA) layers over a NW GSL-WG on a SiO2 glass substrate. Each
successive PMMA layer increases the effective index of the environment. As shown by the guided spectra in
Figure 4.15e, the PMMA layers induce up to a 78 nm spectral shift of the maximum guided power, from
1286 to 1364 nm. This shift corresponds to a change of the effective refractive index (neff) of ∼0.29 RIU,
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from 1.21 to 1.50, which is approximately the expected change considering the fixed n of the substrate.
Moreover, the spectrum reverts to its original position upon removal of all PMMA layers, thus demonstrating
that the process is reversible. Figure 4.15f shows the relative guided power measured at wavelengths of 1286
and 1364 nm as a function of neff. The data exemplifies the expected sensing and optical switching behavior
of the GSL-WG system, allowing the guiding of a specific wavelength to be modulated and even turned on
and off by the choice of neff.
4.3 Conclusion
In conclusion, we have demonstrated that periodic geometric perturbation of a NW allows coupling of a
Mie resonance and a BGS. The coupling creates a pronounced dip in scattering spectra as predicted by both
numerical finite-element modeling and analytical modeling using TCMT. The periodic GSL structure acts as
a Fourier frequency selector to determine the wavelength of the BGS to be coupled with the Mie resonance.
The effect can be readily tuned from visible through near-infrared wavelengths by controlling geometric
parameters, as proven by experimental measurements of extinction of individual GSL NWs. We demonstrate
selective, Fourier-transform-limited guiding of light up to telecommunication wavelengths with near-unity
coupling efficiency, highlighting the unique ability of the Mie-BGS coupling mechanism to direct energy
from the strong Mie resonance light-matter interaction into a NW WG. We also demonstrate a simple optical
switch that takes advantage of the spectral sensitivity of the coupled wavelength to the surrounding medium.
The Mie-BGS light coupling mechanism thus offers a new platform for controlled light management when
designing optical circuits.
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OPTICAL BOUND STATES IN THE CONTINUUM WITH NANOWIRE GEOMETRIC
SUPERLATTICES
5.1 Introduction
Trapping light in subwavelength structures is of utmost importance in wave physics118,141,142 and central
to a wide range of photonic and optoelectronic applications45,143–145. Localized optical modes with infinite
lifetimes, namely optical bound states in the continuum (BICs), can exist in the radiation continuum, and they
have been described in one-dimensional (1D) arrays of coupled waveguides146–148 and two-dimensional (2D)
photonic crystals (PCs)118,149,150. Despite the subwavelength size of each optical resonator unit cell, however,
BIC structures require infinite periodicity to formally satisfy the BIC condition118, necessitating macroscopic
quasi-infinite planar structures for experimental realization of both the 1D array and 2D PC examples. To
reduce the physical dimensions of BIC cavities, recent theoretical studies have investigated the presence of
BICs in 1D structures with lateral 2D confinement, such as 1D arrays of dielectric spheres151,152 or disks64,153,
as well as supercavity modes in individual dielectric nanorods154,155. Optical BICs in these examples are
reported to exist because of symmetry mismatch, accidental decoupling64,151, or topological protection152.
Although a detuned quasi-BIC has been observed in the microwave regime from a chain of millimeter-
sized ceramics156, experimental demonstration of BICs in the optical regime with laterally-confined 1D
nanostructures has to our knowledge not been reported.
In this letter, we describe the perfect trapping of light in single Si nanowire (NW) geometric superlattices
(GSLs) through BICs above the light cone. A NW GSL has a subwavelength diameter that is periodically
modulated along the NW axis22,29,157, as shown in Fig. 5.1(a). The optical confinement defined by the
NW diameter gives rise to well-defined, strong Mie resonances6,33,34, allowing NWs to strongly interact
with external plane waves. Moreover, a NW GSL exhibits an additional set of unique photonic modes that
3 Portions of this chapter reproduced with permission from Kim, S.; Kim, K.-H.; Cahoon, J. F. Optical Bound States in the Continuum
with Nanowire Geometric Superlattices. submitted for publication.
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are dependent on the pitch (p), outer diameter (d), and inner diameter (e) of the GSL. As shown herein, in
a NW GSL under transverse-electric (TE) polarized plane wave illumination, GSL guided resonances158
with different orbital angular momenta64,151 can be excited and couple to Mie resonances to produce sharp
Fano resonances. For a certain set of geometric parameters, these GSL modes undergo complete destructive
interference, resulting in disappearance of the Fano features and formation of optical BICs. Full wave
simulations and theoretical modeling using temporal coupled-mode theory (TCMT) formulated to include
Lorenz-Mie scattering theory describe the origin of Fano resonances in different angular channels and the
appearance of optical BICs. We discuss the geometric parameters for which a GSL satisfies the BIC condition
and verify theoretical predictions with experimental measurements on single Si NW GSLs. We expect the
realization of 1D BICs in the optical regime to motivate further research into the design of cavities for lasers,
sensors, etc. that can utilize this phenomenon to achieve compact, nanoscale devices.
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5.2 Results and Discussion
5.2.1 Optical BICs in a NW GSL
Figure 5.1: Optical BICs in a NW GSL. (a) Geometry of a NW GSL under TE-polarized plane wave
illumination, where the length of each segment is p/2. (b) Q-factors of two GSL eigenmodes with varying p
in a NW GSL with d = 200 nm, e = 170 nm. Modes are labeled with angular numbers m = 0 or m = 1. (c) Hy
pattern of m = 0 GSL eigenmode. (d) Hy (upper) and Ey (lower) patterns of m = 1 GSL eigenmode. (e) Qsca
spectrum of a NW GSL with d = 200 nm, e = 170 nm, and p = 400 nm (solid black curve) and of a NW with
d = 185 nm (gray dashed curve). (f-g) Heatmaps of Qsca (f) and log(U/U0) (g) for a NW GSL with varying p
for fixed d = 200 nm and e = 170 nm. Single spectra for a uniform NW with d = 185 nm are presented on top
of each heatmap.
As shown in Fig. 5.1(b), eigenmode analysis of NW GSL structures reveals GSL modes with quality
factors (Q-factors) that diverge to infinity within a range of p, indicating that these GSL modes are optical
bound states with infinite lifetimes. The y-component of the electromagnetic (EM) fields, Hy and Ey, of
the two GSL eigenmodes are given in Fig. 5.1(c) and (d). Full EM profiles of these modes are presented in
Fig. 5.2. Each GSL mode is assigned with angular numbers of m = 0 or 1 based on the azimuthal order of
field maxima. In Fig. 5.1(c), the m = 0 GSL mode has a definitive TE polarization (i.e. Ey = 0; not shown),
and Hy exhibits an antiferromagnetic ordering of magnetic dipoles. In contrast, the m = 1 GSL mode in Fig.
5.1(d) is hybrid-polarized, so both Ey and Hy are nonzero and must be considered. Bulgakov et al.64,151 have
categorized BICs arising in confined 1D geometries based on symmetry and propagation constant, and static
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BICs may have either even or odd symmetry under inversion. Odd modes are always symmetry protected
from the free-space radiation whereas even modes become decoupled from the radiation continuum only with
certain geometric parameters. The m = 0 mode in Fig. 5.1(c) exhibits even symmetry and belongs to the
latter case, and the BIC condition is achieved by tuning p as shown in the orange trace in Fig. 5.1(b). The m
= 1 mode in Fig. 5.1(d), however, is odd in Ey but even in Hy. Thus, it is symmetry-protected against the
decay into the transverse-magnetic (TM) diffraction channel but reaches the bound state only when it also
decouples from the TE continuum through the proper choice of p (Fig. 5.1(b), blue trace). Previously, we
reported a coupled-excitation of guided modes in a NW GSL under excitation with a transverse-magnetic
(TM) polarized plane wave157, and although those modes have a similar symmetry to the m = 1 GSL mode
in Fig. 5.1(d), Fig. 5.1(c) shows that the GSL modes are not limited to the guided modes and can possess
different symmetry types.
Figure 5.2: Full EM field patterns of m = 0 BIC (a) and m = 1 BIC (b).
A scattering efficiency (Qsca) spectrum of a NW GSL with p = 400 nm is shown in Fig. 5.1(e) along
with a reference Qsca spectrum for a uniform NW. Because the value of p places the structure outside the
range needed for a BIC, the Qsca spectrum of the GSL exhibits two Fano resonances resulting from coupling
between the GSL mode and the background Mie resonance in the same angular channel. In the Qsca heatmap
in Fig. 5.1(f), two sharp branches of GSL modes denoted with angular numbers m = 0 and 1 red-shift with
increasing p while the background Mie resonances, denoted TE0 and TE1, do not shift because of the fixed
diameters. The m = 0 and 1 GSL branches show vanishing points at p values of 237 and 262 nm, respectively,
where the modes become completely bound. These features are more clearly observed in the heatmap of
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confined energy (U /U0) in Fig. 5.1(g). While the p values producing a BIC, marked with arrows in Fig. 5.1(f)
and (g), fall in the ranges of infinity Q-factor for each mode in Fig. 5.1(b), the range of p satisfying the
BIC condition are much narrower than the BIC ranges predicted by eigenmode calculations because of the
directional illumination in plane wave simulations.
5.2.2 TCMT analysis of BICs
TCMT can be used to predict the optical coupling behavior in a NW GSL and has been used to interpret
similar effects in photonic crystal slabs131,158,159 and in spherical nanoparticles122,160–162. Here, we employ
TCMT in the context of NWs by relating resonance parameters to the exact solutions of Mie coefficients6.
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m are the mth-order
Hankel functions, k is a wavevector, and ρ and φ are the polar coordinates162. We define a reflection
coefficient by Rm ≡ h−m/h+m, and a single-mode TCMT expression is given by
d
dt
AMiem = (−iωMiem − γMiem )AMiem + κMiem h+m, (5.2)












m are the amplitude, eigenfrequency, and radiative
decay rate of an mth-order Mie resonance, respectively, and κMiem and d
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m are coupling coefficients to

















∣∣ in Eq. (5.3), with an exact Mie scattering coefficient6 to yield
∣∣∣∣1−Rm2
∣∣∣∣ = ∣∣∣∣ γMiemi(ω − ωMiem ) + γMiem
∣∣∣∣ = |am| , (5.4)
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where am is an mth-order electric Mie coefficient responsible for scattering of a NW under TE polarization
(analogously we can use the magnetic Mie coefficient, bm, for TM polarization). Rearranging Eq. (5.4), we
get
ωMiem =
2i · am ·QMiem · ω
(2i ·QMiem + 1)am ± 1
, (5.5)




m is the Q-factor of a Mie resonance on the order of 5-10 that can easily be
estimated from numerical spectra. With ωMiem and γ
Mie
m as functions of am, the modified TCMT can correctly
produce the asymmetric line shapes of NW Mie resonances.













































m are the amplitude, eigenfrequency,
and radiative decay rate of an mth-order GSL mode, ωcm is the coupling strength between the Mie and GSL
modes, and κGSLm and d
GSL
m are coupling coefficients of GSL modes to the incoming and outgoing plane
waves, respectively.
We only consider the coupling of modes within the same angular channel120, and using Eq. (5.6) we can
fit the numerical Qsca spectra to reproduce all scattering features. As an example, Fig. 5.3(a)-(c) display Qsca
spectra for p = 220, 260, and 320 nm at a fixed d = 200 nm and e = 170 nm, where total Qsca obtained from
TCMT (circles) are overlaid with numerical simulations (red curves). The case of p = 260 nm satisfies the
BIC condition, but shorter and longer p do not. Fano resonances appear for the shorter and longer p cases
because the GSL modes couple with the Mie resonance (ωcm 6= 0). At p = 260 nm, however, the m = 1 Fano
peak almost completely vanishes at 701 nm (Fig. 5.3(b)). The analytical Qsca in Fig. 5.3(b) is obtained with
both ωc1 and γ
GSL
1 ≈ 0, implying the emergence of a perfectly bound optical state. Because the m = 0 GSL
mode becomes bound at a slightly different p than m = 1 (c.f. Fig. 5.1(b)), it is still observed at ∼618 nm
but with a vanishing linewidth of ∼0.2 nm. Fig. 5.3(d) shows the total Qsca (dashed curve) and separate
Qsca spectra from each angular channel calculated using Eq. (6) for the p = 320 nm NW GSL (circles). The
two Fano resonances at ∼661 and ∼765 nm are separately observed in the m = 0 and 1 angular channels,
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respectively, and the long tails of the asymmetric Mie resonances permit Fano resonances to appear far away
from the Mie maxima of the same channel. The fitting paramters for Fig. 5.3 are summarized in Table 5.1.
Figure 5.3: Qsca spectra from TCMT and from full wave simulations. (a-c) Total Qsca calculated by modified
TCMT (blue circles) overlaid with numerical calculations (red curve) for a NW GSL with d = 200 nm, e
= 150 nm, and p = 220 nm (a), p = 260 nm (b), or p = 320 nm (c). Insets show magnified views near Fano
resonances. Peaks marked with asterisks result from higher order GSL modes not included in the TCMT. (d)




















220 581.6 649.05 3238.7 2902.2 1.6 × 10−4 2.9 × 10−4 9.3 16.6
260 617.6 701.2 3050.0 2686.3 2.3 × 10−2 3.9 × 10−4 6.1 0.5
320 661.8 764.4 2846.3 2464.2 2.8 × 10−4 2.5 × 10−5 24.8 10.5
Table 5.1: Parameters used in the TCMT for fitting Qsca spectra in Figure 5.3.
5.2.3 Illumination and geometry dependence of BICs
Figure 5.4: Geometric dependence of Q-factor. (a) Plot of Q-factor as a function of kp/2π. Inset: band
structure of the m = 1 mode. (b) Q-factors of an m = 1 mode as a function of p with d = 200 nm and various e.
The appearance of a BIC depends sensitively on illumination and structural geometry. For instance, BICs
only appear at a Γ point because the symmetry of the BIC is distorted with a nonzero axial wavevector. As an
example, Fig. 5.4(a) shows the Q-factor of the m = 1 BIC mode of a NW GSL, calculated from the circled
area in the inset band diagram, as a function of kp/2π starting at Γ. The Q-factor decreases from infinity
as the wavevector deviates from Γ because the loss of illumination symmetry allows the mode to couple to
the Mie resonance. Moreover, even at Γ, the range of p that produces a BIC (or infinite Q-factor) changes
with different values of e at a fixed d, and there is a substantial widening of the p range producing a BIC as e
approaches d, as shown in the eigenmode calculations in Fig. 5.4(b). When d and e are similar, the magnitude
and mode volume of dipoles within each diameter segment are similar in magnitude (Fig. 5.2), so a broad set
of p can produce the total destructive interference needed to form a BIC. However, as e deviates from d, the p
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range supporting a BIC narrows and eventually disappears. Frequencies of BICs formed at different p and e
are summarized in Fig. 5.5.
Figure 5.5: Geometric conditions, frequency and wavelengths of m = 1 BICs with various e at a fixed d = 200
nm. (a) Plots of p that forms m = 1 BICs as a function of e for a fixed d = 200m. (b) Frequency (left axis) and
wavelength (right axis) of BICs from panel (a).
5.2.4 Experimental verification of BICs
We experimentally verified the scattering characteristics of NW GSLs fabricated by the ENGRAVE
(Encoded Nanowire GRowth and Appearance through Vapor-liquid-solid growth and Etching) technique22,29.
A d close to 200 nm was chosen to allow direct comparison with the scattering heatmap in Fig. 5.1(f), and p
was varied from 200 nm to 400 nm with 50 nm increments to investigate the spectral shift and disappearance
of the Fano resonances. To minimize variation in d and e, five 10 µm-long GSL sections with different
p were encoded simultaneously in a single NW with 10 µm uniform segments separating each GSL, as
shown by the scanning electron microscope (SEM) images in Fig. 5.6(a). Polarization-resolved transmissive
single-NW extinction was measured in the visible range using a home-built laser microscope157. Simulated
Qsca corresponding to measured geometries and measured extinction spectra are shown in Fig. 5.6(b) and
(c), respectively. Qsca was simulated with a Gaussian beam (full-width-at-half-maximum of 1.5 µm) in the
presence of material absorption to properly reflect the experiment.
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Figure 5.6: Experimental extinction measurement of NW GSLs. (a) SEM image (upper panel) of a NW
containing five GSL sections; scale bar, 10 µm. Magnified views (lower panels) of each GSL segment
corresponding to the boxed regions in the upper panel; scale bars, 200 nm. Geometric parameters are d = 189
± 2 nm, e = 141 ± 2 nm, p = 201 ± 4 nm (GSL 1), d = 185 ± 1 nm, e = 135 ± 2 nm, p = 250 ± 4 nm (GSL
2), d = 186 ± 1 nm, e = 147 ± 2 nm, p = 300 ± 3 nm (GSL 3), d = 185 ± 1 nm, e = 153 ± 2 nm, p = 348
± 4 nm (GSL 4) and d = 183 ± 1 nm, e = 148 ± 2 nm, p = 400 ± 6 nm (GSL 5). (b-c) Simulated Qsca (b,
spectra offset by 1) and measured extinction (c, spectra relatively offset by 5%) of GSLs. Red traces in both
graphs represent spectra of a GSL at the BIC condition. Arrows and asterisks indicate the m = 0 and 1 Fano
resonances, respectively.
For simulated spectra of a GSL with p = 400 nm (uppermost in Fig. 5.6(b)), two Fano resonances for m =
0 and m = 1 GSL modes are observed at∼645 and∼762 nm as marked by the arrow and asterisk, respectively.
Compared to the sub-nm linewidth shown in Fig. 5.1(e), a substantial broadening of the Fano lineshape is
observed because of absorptive loss and the finite beam163. An additional small peak at∼676 nm comes from
the use of a finite beam157. As p decreases, the m = 0 peak gradually merges into the broad Mie resonance
peak centered at ∼600 nm, and the m = 1 peak (red asterisks) blueshifts and progressively decreases in
magnitude. At p = 230 nm (red curve), the Fano peak vanishes because the mode becomes decoupled from
the TE and TM radiation continua. The same pattern is observed in the experimentally measured extinction
spectra in Fig. 5.6(c). The extinction of GSL 5 (uppermost) shows the m = 1 Fano resonance at ∼785 nm
(red asterisk). The m = 1 Fano resonance blueshifts with decreasing p, and it eventually vanishes for GSL 1
(red circles), corresponding to the formation of a BIC. As a result, the extinction of GSL 1 looks identical to
71
the typical extinction spectrum of a uniform NW, demonstrating the inaccessibility of the trapped modes by
far-field illumination. Inclusion of absorption in eigenmode calculations shows a significant reduction of the
Q-factors to ∼150, and experimental Q-factors, obtained from fitting the spectra, yield values of 95-180 that
qualitatively agree with calculations (see Fig. 5.7).
Figure 5.7: Effect of absorption on Q-factors and fits to experimental spectra. (a-b) Total loss and Q-factors
calculated from eigenmode calculation in GSLs 1 (p=230 nm) through GSL 5 (p=400 nm) presented in Fig.
5.6 in the absence (a) and presence (b) of absorptive loss. In the presence of absorption, total loss decreases
as p moves away from the BIC-forming condition (p=230 nm) due to decrease in absorption. (c) Fits to the
experimental spectra of GSLs 2-5 from Fig. 5.6 near the Fano resonances.
5.3 Conclusion
In conclusion, we have demonstrated that NW GSLs support unique photonic modes that can be
completely bound under a certain set of geometric parameters, and this report represents the first experimental
demonstration of a BIC in a laterally-confined 1D geometry in the optical regime. The bottom-up growth of
Si NW GSLs through the ENGRAVE process offers several technological advantages such as mechanical
robustness from single-crystalline materials, ability to electro-generate photons inside the cavity through
doping23, and ease of device integration through templated growth164. Because the subwavelength lateral
dimensions provide a true nanoscale footprint, these findings could enable the design of compact high-Q
photonic devices such as single-NW photodetectors, lasers, sensors, waveguides, and photonic circuits.
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CONCLUSIONS
As the physical down-sizing of microelectronic circuit elements has approached the quantum-tunneling
limit, value has ever been increasing for semiconductor nanomaterials to manage photons with the same
level of control as has already been done for electrons. Controlled manipulation of photons requires periodic
structures with a period comparable to the wavelength of light, and semiconductor materials with high
permittivities are ideal candidates for building such structures. In this work, we have investigated ways
of synthesizing silicon (Si) nanowire (NW) geometric superlattices (GSLs) as well as tailoring design
parameters to utilize them as nanophotonic platforms. Synthesis of arrays of vertically-standing NW GSLs
using dopant-encoded vapor-liquid-solid (VLS) growth and wet-chemical etching, namely the ENGRAVE
process for Encoded Nanowire GRowth and Appearance through VLS and Etching, required substantially
different growth conditions than the conditions used for non-directed NW growths. The difference largely
came from the tradeoff between traditionally needing to have Au decoration on NW sidewalls for stable
epitaxial growth and needing to have Au-free sidewalls for conformal etching of undoped Si. The key to grow
vertical epitaxial NWs that etch well was to stabilize the NW sidewalls with chlorine by flowing HCl during
NW growths with SiH4 partial pressure much higher than the conventional epitaxial growth conditions. As
a result, rapid chlorination near the growth front suppresses migration of Au from the catalyst to the NW,
which eventually enables the desired etching.
Despite much more colorful scattering from vertically standing NW GSLs than uniform NWs, the
challenges associated with optical characterization of vertical NW GSLs necessitated a prerequisite analysis
of the simplest geometry; a NW GSL horizontally oriented on a substrate under global plane wave illumination.
In this geometry, a unique coupling of a bright Mie resonance with a dark, BGS was observed at a select
wavelength determined by the pitch of the GSL. The selective coupling effect enabled the use of the GSL as a
narrow-band light coupler to the NW waveguide (WG), and its potential for advanced optical operations such
as optical switching was demonstrated based on the spectral tuning of a Mie resonance via external index
control.
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One might ask whether the NW GSLs should be classified as a photonic crystal (PC) or a metamaterial,
but the answer is still unclear. While the Mie-BGS coupling arising from symmetry-breaking seems to share
many similarities with the physics of metamaterials, a PC-like property was also observed from the same
GSLs with somewhat different geometric parameters. The presence of optical bound states in the continuum
(BICs), infinity-Q optical modes typically found in PCs, were observed from our Si NW GSLs theoretically
and experimentally. Although this finding is still premature, it promises a bright future for applications of
Si NWs for efficient light-emitting devices due to the increased lifetime of photons within the NW optical
cavity. A large number of variations and hybridizations are possible including a combination of NW BIC
cavities with NW photonic bandgap reflectors. Perhaps the answer to this question posed earlier is that NW
GSLs are not bound to only one class but instead offer characteristics of both PCs and metamaterials.
The future research following this work should consider much broader types of geometries other than the
square-wave, grating-like morphology. Indeed we have a large library of NW morphologies we can produce,
and we will need to be able to leverage our synthetic skills to discover new properties. I believe that more
can be found than simple alteration of diameters to exhibit exciting optical properties. Besides, because
degenerately-doped Si can also support plasmons in the infrared spectrum, I would like to suggest to explore
more adventurous ideas such as squeezing of infrared light using NW tapers. Lastly, I would like to close the
last chapter of this work with one last statement: I look forward to seeing bright lasing out of Si NWs.
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APPENDIX 1: MATLAB CODE FOR ANALYTICAL CALCULATION OF MIE
SCATTERING OF A CYLINDRICAL NW
This section shows the MATLAB code for analytical calculation of Mie scattering of a cylindrical NW.
Equations in this script are mostly based on Bohren.6
% Refractive index of silicon
The chart below contains refractive index values of silicon from 400 to 2000 nm with 1 nm step size.
5.5700 5.5367 5.5047 5.4738 5.4440 5.4153 5.3877 5.3611 5.3354 5.3106 5.2868 5.2637 5.2415 5.2200 5.1992 5.1791 5.1597 5.1408 5.1224 5.1046
5.0872 5.0703 5.0537 5.0375 5.0216 5.0059 4.9904 4.9752 4.9600 4.9449 4.9300 4.9152 4.9004 4.8859 4.8714 4.8572 4.8431 4.8291 4.8154 4.8019
4.7886 4.7755 4.7626 4.7500 4.7376 4.7256 4.7137 4.7021 4.6907 4.6796 4.6687 4.6580 4.6475 4.6373 4.6273 4.6174 4.6078 4.5983 4.5891 4.5800
4.5711 4.5624 4.5538 4.5454 4.5372 4.5290 4.5211 4.5132 4.5055 4.4978 4.4903 4.4829 4.4756 4.4683 4.4611 4.4540 4.4470 4.4400 4.4331 4.4262
4.4193 4.4125 4.4058 4.3991 4.3925 4.3860 4.3796 4.3732 4.3669 4.3607 4.3546 4.3486 4.3426 4.3368 4.3311 4.3255 4.3200 4.3146 4.3093 4.3042
4.2991 4.2941 4.2892 4.2843 4.2796 4.2748 4.2702 4.2655 4.2609 4.2564 4.2518 4.2473 4.2428 4.2383 4.2337 4.2292 4.2246 4.2200 4.2154 4.2107
4.2060 4.2013 4.1966 4.1918 4.1871 4.1823 4.1776 4.1729 4.1682 4.1636 4.1590 4.1544 4.1499 4.1454 4.1410 4.1366 4.1323 4.1281 4.1240 4.1200
4.1161 4.1122 4.1085 4.1048 4.1012 4.0977 4.0942 4.0909 4.0876 4.0843 4.0811 4.0780 4.0749 4.0718 4.0688 4.0658 4.0629 4.0600 4.0571 4.0542
4.0513 4.0485 4.0457 4.0428 4.0400 4.0372 4.0343 4.0315 4.0287 4.0258 4.0230 4.0202 4.0174 4.0146 4.0118 4.0090 4.0062 4.0035 4.0008 3.9980
3.9954 3.9927 3.9900 3.9874 3.9848 3.9823 3.9798 3.9773 3.9748 3.9724 3.9700 3.9677 3.9653 3.9631 3.9608 3.9586 3.9565 3.9543 3.9522 3.9501
3.9481 3.9460 3.9440 3.9420 3.9401 3.9381 3.9362 3.9343 3.9324 3.9305 3.9286 3.9267 3.9248 3.9230 3.9211 3.9193 3.9174 3.9156 3.9137 3.9119
3.9100 3.9081 3.9063 3.9044 3.9025 3.9006 3.8987 3.8968 3.8950 3.8931 3.8912 3.8893 3.8874 3.8855 3.8837 3.8818 3.8799 3.8781 3.8762 3.8744
3.8726 3.8707 3.8689 3.8671 3.8653 3.8636 3.8618 3.8601 3.8584 3.8566 3.8550 3.8533 3.8516 3.8500 3.8484 3.8468 3.8452 3.8437 3.8421 3.8406
3.8391 3.8376 3.8362 3.8347 3.8333 3.8319 3.8304 3.8290 3.8277 3.8263 3.8249 3.8236 3.8222 3.8209 3.8195 3.8182 3.8169 3.8156 3.8143 3.8130
3.8117 3.8104 3.8091 3.8078 3.8065 3.8052 3.8039 3.8026 3.8013 3.8000 3.7987 3.7974 3.7961 3.7948 3.7935 3.7921 3.7908 3.7895 3.7882 3.7869
3.7856 3.7843 3.7830 3.7817 3.7804 3.7791 3.7778 3.7765 3.7752 3.7739 3.7726 3.7714 3.7701 3.7688 3.7676 3.7663 3.7651 3.7639 3.7627 3.7615
3.7603 3.7591 3.7579 3.7567 3.7556 3.7544 3.7533 3.7522 3.7511 3.7500 3.7489 3.7479 3.7468 3.7458 3.7448 3.7438 3.7428 3.7418 3.7408 3.7398
3.7389 3.7379 3.7370 3.7361 3.7352 3.7343 3.7334 3.7325 3.7316 3.7308 3.7299 3.7291 3.7282 3.7274 3.7266 3.7257 3.7249 3.7241 3.7233 3.7225
3.7217 3.7209 3.7201 3.7193 3.7185 3.7177 3.7170 3.7162 3.7154 3.7146 3.7139 3.7131 3.7123 3.7115 3.7108 3.7100 3.7092 3.7085 3.7077 3.7069
3.7061 3.7054 3.7046 3.7038 3.7030 3.7022 3.7015 3.7007 3.6999 3.6991 3.6984 3.6976 3.6968 3.6960 3.6952 3.6945 3.6937 3.6929 3.6921 3.6914
3.6906 3.6898 3.6890 3.6883 3.6875 3.6867 3.6859 3.6852 3.6844 3.6836 3.6829 3.6821 3.6813 3.6806 3.6798 3.6790 3.6783 3.6775 3.6768 3.6760
3.6752 3.6745 3.6737 3.6730 3.6722 3.6715 3.6707 3.6700 3.6693 3.6685 3.6678 3.6670 3.6663 3.6656 3.6648 3.6641 3.6634 3.6627 3.6619 3.6612
3.6605 3.6598 3.6591 3.6583 3.6576 3.6569 3.6562 3.6555 3.6548 3.6541 3.6534 3.6527 3.6520 3.6513 3.6506 3.6499 3.6492 3.6485 3.6479 3.6472
3.6465 3.6458 3.6451 3.6445 3.6438 3.6431 3.6424 3.6418 3.6411 3.6404 3.6398 3.6391 3.6385 3.6378 3.6371 3.6365 3.6358 3.6352 3.6345 3.6339
3.6332 3.6326 3.6320 3.6313 3.6307 3.6300 3.6294 3.6288 3.6281 3.6275 3.6269 3.6263 3.6256 3.6250 3.6244 3.6238 3.6232 3.6226 3.6220 3.6213
3.6207 3.6201 3.6195 3.6189 3.6183 3.6177 3.6171 3.6165 3.6159 3.6154 3.6148 3.6142 3.6136 3.6130 3.6124 3.6118 3.6113 3.6107 3.6101 3.6095
3.6090 3.6084 3.6078 3.6073 3.6067 3.6062 3.6056 3.6050 3.6045 3.6039 3.6034 3.6028 3.6023 3.6017 3.6012 3.6006 3.6001 3.5996 3.5990 3.5985
3.5980 3.5974 3.5969 3.5964 3.5958 3.5953 3.5948 3.5943 3.5938 3.5932 3.5927 3.5922 3.5917 3.5912 3.5907 3.5902 3.5897 3.5892 3.5887 3.5882
3.5877 3.5872 3.5867 3.5862 3.5857 3.5852 3.5847 3.5843 3.5838 3.5833 3.5828 3.5823 3.5819 3.5814 3.5809 3.5805 3.5800 3.5795 3.5791 3.5786
3.5781 3.5777 3.5772 3.5768 3.5763 3.5759 3.5754 3.5750 3.5745 3.5741 3.5737 3.5732 3.5728 3.5723 3.5719 3.5715 3.5710 3.5706 3.5702 3.5698
3.5693 3.5689 3.5685 3.5681 3.5677 3.5673 3.5669 3.5664 3.5660 3.5656 3.5652 3.5648 3.5644 3.5640 3.5636 3.5632 3.5628 3.5624 3.5621 3.5617
3.5613 3.5609 3.5605 3.5601 3.5598 3.5594 3.5590 3.5586 3.5583 3.5579 3.5575 3.5572 3.5568 3.5564 3.5561 3.5557 3.5554 3.5550 3.5547 3.5543
3.5540 3.5536 3.5533 3.5529 3.5526 3.5522 3.5519 3.5516 3.5512 3.5509 3.5506 3.5502 3.5499 3.5496 3.5493 3.5489 3.5486 3.5483 3.5480 3.5477
3.5474 3.5470 3.5467 3.5464 3.5461 3.5458 3.5455 3.5452 3.5449 3.5446 3.5443 3.5440 3.5437 3.5435 3.5432 3.5429 3.5426 3.5423 3.5420 3.5418
3.5415 3.5412 3.5409 3.5407 3.5404 3.5401 3.5399 3.5396 3.5393 3.5391 3.5388 3.5386 3.5383 3.5381 3.5378 3.5376 3.5373 3.5371 3.5368 3.5366
3.5363 3.5361 3.5359 3.5356 3.5354 3.5352 3.5349 3.5347 3.5345 3.5343 3.5341 3.5338 3.5336 3.5334 3.5332 3.5330 3.5328 3.5326 3.5323 3.5321
3.5319 3.5317 3.5315 3.5313 3.5311 3.5309 3.5308 3.5306 3.5304 3.5302 3.5300 3.5298 3.5296 3.5295 3.5293 3.5291 3.5289 3.5288 3.5286 3.5284
3.5282 3.5281 3.5279 3.5277 3.5276 3.5274 3.5273 3.5271 3.5269 3.5268 3.5266 3.5265 3.5263 3.5262 3.5260 3.5259 3.5257 3.5256 3.5254 3.5253
3.5252 3.5250 3.5249 3.5247 3.5246 3.5245 3.5243 3.5242 3.5241 3.5239 3.5238 3.5237 3.5235 3.5234 3.5233 3.5231 3.5230 3.5229 3.5227 3.5226
3.5225 3.5224 3.5222 3.5221 3.5220 3.5219 3.5217 3.5216 3.5215 3.5214 3.5212 3.5211 3.5210 3.5209 3.5207 3.5206 3.5205 3.5204 3.5202 3.5201
3.5200 3.5199 3.5198 3.5196 3.5195 3.5194 3.5193 3.5191 3.5190 3.5189 3.5188 3.5186 3.5185 3.5184 3.5183 3.5182 3.5180 3.5179 3.5178 3.5177
3.5175 3.5174 3.5173 3.5172 3.5170 3.5169 3.5168 3.5167 3.5165 3.5164 3.5163 3.5162 3.5160 3.5159 3.5158 3.5157 3.5156 3.5154 3.5153 3.5152
3.5151 3.5149 3.5148 3.5147 3.5146 3.5144 3.5143 3.5142 3.5141 3.5139 3.5138 3.5137 3.5136 3.5134 3.5133 3.5132 3.5131 3.5129 3.5128 3.5127
3.5126 3.5124 3.5123 3.5122 3.5121 3.5119 3.5118 3.5117 3.5116 3.5114 3.5113 3.5112 3.5111 3.5109 3.5108 3.5107 3.5106 3.5104 3.5103 3.5102
3.5101 3.5099 3.5098 3.5097 3.5096 3.5094 3.5093 3.5092 3.5091 3.5089 3.5088 3.5087 3.5086 3.5084 3.5083 3.5082 3.5081 3.5079 3.5078 3.5077
3.5076 3.5074 3.5073 3.5072 3.5071 3.5069 3.5068 3.5067 3.5066 3.5065 3.5063 3.5062 3.5061 3.5060 3.5058 3.5057 3.5056 3.5055 3.5053 3.5052
3.5051 3.5050 3.5048 3.5047 3.5046 3.5045 3.5043 3.5042 3.5041 3.5040 3.5038 3.5037 3.5036 3.5035 3.5033 3.5032 3.5031 3.5030 3.5028 3.5027
3.5026 3.5025 3.5023 3.5022 3.5021 3.5020 3.5018 3.5017 3.5016 3.5015 3.5013 3.5012 3.5011 3.5010 3.5009 3.5007 3.5006 3.5005 3.5004 3.5002
3.5001 3.5000 3.4999 3.4997 3.4996 3.4995 3.4994 3.4992 3.4991 3.4990 3.4989 3.4988 3.4986 3.4985 3.4984 3.4983 3.4981 3.4980 3.4979 3.4978
3.4976 3.4975 3.4974 3.4973 3.4972 3.4970 3.4969 3.4968 3.4967 3.4965 3.4964 3.4963 3.4962 3.4961 3.4959 3.4958 3.4957 3.4956 3.4954 3.4953
3.4952 3.4951 3.4950 3.4948 3.4947 3.4946 3.4945 3.4943 3.4942 3.4941 3.4940 3.4939 3.4937 3.4936 3.4935 3.4934 3.4933 3.4931 3.4930 3.4929
3.4928 3.4926 3.4925 3.4924 3.4923 3.4922 3.4920 3.4919 3.4918 3.4917 3.4916 3.4914 3.4913 3.4912 3.4911 3.4910 3.4908 3.4907 3.4906 3.4905
3.4904 3.4903 3.4901 3.4900 3.4899 3.4898 3.4897 3.4895 3.4894 3.4893 3.4892 3.4891 3.4889 3.4888 3.4887 3.4886 3.4885 3.4884 3.4882 3.4881
3.4880 3.4879 3.4878 3.4876 3.4875 3.4874 3.4873 3.4872 3.4871 3.4869 3.4868 3.4867 3.4866 3.4865 3.4864 3.4862 3.4861 3.4860 3.4859 3.4858
3.4857 3.4855 3.4854 3.4853 3.4852 3.4851 3.4850 3.4849 3.4847 3.4846 3.4845 3.4844 3.4843 3.4842 3.4841 3.4839 3.4838 3.4837 3.4836 3.4835
3.4834 3.4833 3.4831 3.4830 3.4829 3.4828 3.4827 3.4826 3.4825 3.4823 3.4822 3.4821 3.4820 3.4819 3.4818 3.4817 3.4816 3.4814 3.4813 3.4812
3.4811 3.4810 3.4809 3.4808 3.4807 3.4806 3.4804 3.4803 3.4802 3.4801 3.4800 3.4799 3.4798 3.4797 3.4796 3.4794 3.4793 3.4792 3.4791 3.4790
3.4789 3.4788 3.4787 3.4786 3.4785 3.4784 3.4782 3.4781 3.4780 3.4779 3.4778 3.4777 3.4776 3.4775 3.4774 3.4773 3.4772 3.4771 3.4770 3.4768
3.4767 3.4766 3.4765 3.4764 3.4763 3.4762 3.4761 3.4760 3.4759 3.4758 3.4757 3.4756 3.4755 3.4754 3.4753 3.4752 3.4751 3.4749 3.4748 3.4747
3.4746 3.4745 3.4744 3.4743 3.4742 3.4741 3.4740 3.4739 3.4738 3.4737 3.4736 3.4735 3.4734 3.4733 3.4732 3.4731 3.4730 3.4729 3.4728 3.4727
3.4726 3.4725 3.4724 3.4723 3.4722 3.4721 3.4720 3.4719 3.4718 3.4717 3.4716 3.4715 3.4714 3.4713 3.4712 3.4711 3.4710 3.4709 3.4708 3.4707
3.4706 3.4705 3.4704 3.4703 3.4702 3.4701 3.4700 3.4699 3.4698 3.4697 3.4696 3.4695 3.4694 3.4693 3.4693 3.4692 3.4691 3.4690 3.4689 3.4688
3.4687 3.4686 3.4685 3.4684 3.4683 3.4682 3.4681 3.4680 3.4679 3.4678 3.4677 3.4677 3.4676 3.4675 3.4674 3.4673 3.4672 3.4671 3.4670 3.4669
3.4668 3.4667 3.4667 3.4666 3.4665 3.4664 3.4663 3.4662 3.4661 3.4660 3.4659 3.4658 3.4658 3.4657 3.4656 3.4655 3.4654 3.4653 3.4652 3.4651
3.4651 3.4650 3.4649 3.4648 3.4647 3.4646 3.4645 3.4645 3.4644 3.4643 3.4642 3.4641 3.4640 3.4639 3.4639 3.4638 3.4637 3.4636 3.4635 3.4634
3.4634 3.4633 3.4632 3.4631 3.4630 3.4629 3.4629 3.4628 3.4627 3.4626 3.4625 3.4625 3.4624 3.4623 3.4622 3.4621 3.4621 3.4620 3.4619 3.4618
3.4617 3.4617 3.4616 3.4615 3.4614 3.4614 3.4613 3.4612 3.4611 3.4610 3.4610 3.4609 3.4608 3.4607 3.4607 3.4606 3.4605 3.4604 3.4604 3.4603
3.4602 3.4601 3.4601 3.4600 3.4599 3.4598 3.4598 3.4597 3.4596 3.4596 3.4595 3.4594 3.4593 3.4593 3.4592 3.4591 3.4591 3.4590 3.4589 3.4588
3.4588 3.4587 3.4586 3.4586 3.4585 3.4584 3.4584 3.4583 3.4582 3.4582 3.4581 3.4580 3.4580 3.4579 3.4578 3.4578 3.4577 3.4576 3.4576 3.4575
3.4574 3.4574 3.4573 3.4572 3.4572 3.4571 3.4570 3.4570 3.4569 3.4569 3.4568 3.4567 3.4567 3.4566 3.4565 3.4565 3.4564 3.4564 3.4563 3.4562
3.4562 3.4561 3.4561 3.4560 3.4559 3.4559 3.4558 3.4558 3.4557 3.4557 3.4556 3.4555 3.4555 3.4554 3.4554 3.4553 3.4553 3.4552 3.4552 3.4551
3.4550 3.4550 3.4549 3.4549 3.4548 3.4548 3.4547 3.4547 3.4546 3.4546 3.4545 3.4545 3.4544 3.4544 3.4543 3.4543 3.4542 3.4542 3.4541 3.4541
3.4540 3.4540 3.4539 3.4539 3.4538 3.4538 3.4537 3.4537 3.4536 3.4536 3.4535 3.4535 3.4534 3.4534 3.4533 3.4533 3.4533 3.4532 3.4532 3.4531
3.4531 3.4530 3.4530 3.4529 3.4529 3.4529 3.4528 3.4528 3.4527 3.4527 3.4527 3.4526 3.4526 3.4525 3.4525 3.4525 3.4524 3.4524 3.4523 3.4523
3.4523 3.4522 3.4522 3.4521 3.4521 3.4521 3.4520 3.4520 3.4520 3.4519 3.4519 3.4519 3.4518 3.4518 3.4518 3.4517 3.4517 3.4517 3.4516 3.4516
3.4516 3.4515 3.4515 3.4515 3.4514 3.4514 3.4514 3.4514 3.4513 3.4513 3.4513 3.4512 3.4512 3.4512 3.4512 3.4511 3.4511 3.4511 3.4510 3.4510
3.4510 3.4510 3.4509 3.4509 3.4509 3.4509 3.4508 3.4508 3.4508 3.4508 3.4508 3.4507 3.4507 3.4507 3.4507 3.4506 3.4506 3.4506 3.4506 3.4506
3.4505 3.4505 3.4505 3.4505 3.4505 3.4505 3.4504 3.4504 3.4504 3.4504 3.4504 3.4504 3.4503 3.4503 3.4503 3.4503 3.4503 3.4503 3.4503 3.4502
3.4502 3.4502 3.4502 3.4502 3.4502 3.4502 3.4502 3.4501 3.4501 3.4501 3.4501 3.4501 3.4501 3.4501 3.4501 3.4501 3.4501 3.4501 3.4501 3.4501
3.4500 3.4500 3.4500 3.4500 3.4500 3.4500 3.4500 3.4500 3.4500 3.4500 3.4500 3.4500 3.4500 3.4500 3.4500 3.4500 3.4500 3.4500 3.4500 3.4500
3.4500
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% Make a vector containing all the values from the chart and name it “si n 1nm”. For a finer step size, run
interpolation commands:
wav=400:1:2000; % in nm; wavelength vector with 1 nm step size
stepSize=0.2;
finer wav = 400:stepSize:2000; % in nm; wavelength vector with a finer step size
si n finer = interp1(wav,si n 1nm,finer wav,’spline’); % interpolate
% Define common constants
n0=1; % refractive index of surrounnding medium. 1 for air
n1=si n finer; % refractive index of dielectric
theta=degtorad(90); % incident angle; 90=normal; 0=end-on
wav=finer wav; % wavelength in nm. Length must match with that of refractive index
% Input parameters
diameter=150; % in nm
R=diameter/2*10ˆ-9; % radius of cylinder
nu=0:2; % angular number range; can choose a single channel
% Choose polarization
























aI NUMERATOR(k) = Cn(k)*Vn(k)-Bn(k)*Dn(k);
aI DENOMINATOR(k) = Wn(k)*Vn(k)+i*Dn(k)ˆ2;
aI n(l,k) = aI NUMERATOR(k)/aI DENOMINATOR(k);
bI NUMERATOR(k) = Wn(k)*Bn(k)+i*Dn(k)*Cn(k);
bI DENOMINATOR(k) = Wn(k)*Vn(k)+i*Dn(k)ˆ2;
bI n(l,k) = bI NUMERATOR(k)/bI DENOMINATOR(k);
if nu(l)==0
Mie TM Qsca(l,k)=2/x0(k)*abs(bI n(l,k))ˆ2;
else











































aII NUMERATOR(k) = -(An(k)*Vn(k)-i*Cn(k)*Dn(k));
aII DENOMINATOR(k) = Wn(k)*Vn(k)+i*Dn(k)2;
aII n(l,k) = aII NUMERATOR(k)/aII DENOMINATOR(k);
bII NUMERATOR(k) = -i*(Cn(k)*Wn(k)+An(k)*Dn(k));
bII DENOMINATOR(k) = Wn(k)*Vn(k)+i*Dn(k)2;
bII n(l,k) = bII NUMERATOR(k)/bII DENOMINATOR(k);
if nu(l)==0
Mie TE Qsca(l,k)=2/x0(k)*abs(aII n(l,k))ˆ2;
else




















% Define additional functions
function J = besselj derivative(nu,x)
J = 0.5*(besselj(nu-1,x)-besselj(nu+1,x));
end
function H = besselh derivative(nu,K,x)
if (K ∼= 1&&K ∼= 2)





APPENDIX 2: MATLAB CODE FOR TEMPORAL COUPLED MODE THEORY
This section shows the MATLAB code for temporal coupled-mode theory. In order to run this code, proper
aI n and bI n (for TM) or aII n and bII n (for TE) must be obtained from Appendix 1 prior to this calculation.
Fit parameters used in this example are for p = 260 nm of Fig. 5.3(b).
% Input variables
lam 0=617.6; % in nm. Position of 0th order Fano peak
lam 1=701.2; % in nm. Position of 1st order Fano peak
% Control parameters
% Here, division factors are taken as input parameters that will determine ωcm’s (coupling strengths) and γm
’s (decay rates of Fano peaks) for each m-th order channel in TCMT.
fw0c = 500; will determine w0c below: coupling strength of 0th mode
fw1c = 5000; will determine w0c below: coupling strength of 1st mode
fg0 = 130000; will determine g0 below: decay rate of 0th mode
fg1 = 6950000; will determine g1 below: decay rate of 1st mode
% Common variables
Q0=5; % Q-factor of 0-th order Mie resonance
Q1=10; % Q-factor of 1-th order Mie resonance
Q2=10; % Q-factor of 2-th order Mie resonance
% Convert Parameters
c = 299792458;
w0 = 2*pi*c/(lam 0*10ˆ-9); frequency of 0th Fano peak
w1 = 2*pi*c/(lam 1*10ˆ-9); frequency of 1st Fano peak
w0c = w0/fw0c; coupling strength of 0th Fano peak
w1c = w1/fw1c; coupling strength of 1st Fano peak
g0 = w0/fg0; decay rate of 0th Fano peak













w m0(j)=i*a n0(j)*w(j)/(i*a n0(j)+(a n0(j)-1)/(2*Q0));
w m1(j)=i*a n1(j)*w(j)/(i*a n1(j)+(a n1(j)-1)/(2*Q1));







M0=[i*(w m0(j)-w(j))+gm0(j) i*w0c; i*w0c i*(w0-w(j))+g0];
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